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ABSTRACT
ATOMIC-SCALE MODELING OF TRANSITION-METAL DOPING OF
SEMICONDUCTOR NANOCRYSTALS
FEBRUARY 2011
TEJINDER SINGH, B. TECH., INDIAN INSTITUTE OF TECHNOLOGY DELHI
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professors Dimitrios Maroudas and T. J. Mountziaris

Doping in bulk semiconductors (e.g., n- or p-type doping in silicon) allows for
precise control of their properties and forms the basis for the development of electronic
and photovoltaic devices. Recently, there have been reports on the successful synthesis of
doped semiconductor nanocrystals (or quantum dots) for potential applications in solar
cells and spintronics. For example, nanocrystals of ZnSe (with zinc-blende lattice
structure) and CdSe and ZnO (with wurtzite lattice structure) have been doped
successfully with transition-metal (TM) elements (Mn, Co, or Ni). Despite the recent
progress, however, the underlying mechanisms of doping in colloidal nanocrystals are not
well understood. This thesis reports a comprehensive theoretical analysis toward a
fundamental kinetic and thermodynamic understanding of doping in ZnO, CdSe, and
ZnSe quantum dots based on first-principles density-functional theory (DFT)
calculations. The theoretical predictions of this thesis are consistent with experimental
measurements and provide fundamental interpretations for the experimental observations.
The mechanisms of doping of colloidal ZnO nanocrystals with the TM elements
Mn, Co, and Ni is investigated. The dopant atoms are found to have high binding
energies for adsorption onto the Zn-vacancy site of the (0001) basal surface and the O-
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vacancy site of the (000 1) basal surface of ZnO nanocrystals; therefore, these surface

vacancies provide viable sites for substitutional doping, which is consistent with
experimental measurements. However, the doping efficiencies are affected by the strong
tendencies of the TM dopants to segregate at the nanocrystal surface facets, as indicated
by the corresponding computed dopant surface segregation energy profiles. Furthermore,
using the Mn doping of CdSe as a case study, the effect of nanocrystal size on doping
efficiency is explored. It is shown that Mn adsorption onto small clusters of CdSe is
characterized by high binding energies, which, in conjunction with the Mn surface
segregation characteristics on CdSe nanocrystals, explains experimental reports of high
doping efficiency for small-size CdSe clusters.
In addition, this thesis presents a systematic analysis of TM doping in ZnSe
nanocrystals. The analysis focuses on the adsorption and surface segregation of Mn
dopants on ZnSe nanocrystal surface facets, as well as dopant-induced nanocrystal
morphological transitions, and leads to a fundamental understanding of the underlying
mechanisms of dopant incorporation into growing nanocrystals. Both surface kinetics
(dopant adsorption onto the nanocrystal surface facets) and thermodynamics (dopant
surface segregation) are found to have a significant effect on the doping efficiencies in
ZnSe nanocrystals. The analysis also elucidates the important role in determining the
doping efficiency of ZnSe nanocrystals played by the chemical potentials of the growth
precursor species, which determine the surface structure and morphology of the
nanocrystals.
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CHAPTER 1
1.INTRODUCTION
INTRODUCTION

1.1 Motivation
It has been estimated that the global demand for energy will be 35 percent higher
in 2030 than it was in 2005 [ExxonMobil, 2010]. So far, the fossil fuels have played a
dominant role as energy sources. However, in the past few decades, there has been a
gradual shift in the use of energy sources from coal to oil to natural gas. It is highly
unlikely that a single source of energy can sustain the rising demands. Therefore,
renewable sources of energy such as solar, wind, hydro, etc. are expected to contribute
significantly to meeting rising energy demands. The photovoltaic (PV) technology has
attracted recent academic and industrial attention and is recognized as a part of the
solution toward meeting energy challenges. PV devices based on novel semiconductor
materials are currently being explored that can lower the cost and increase the efficiency
of PV devices. Some examples of these semiconducting materials are quantum dots
(QDs) [Alivisatos, 1996], nanocrystalline or amorphous thin films [Shah, et al., 1999],
and carbon nanotubes [Iijima, 1991]. Theoretically, solar cells based on quantum dots
have the potential to achieve energy efficiency (~66%) higher than the thermodynamic
limit of ~31%, as estimated by Shockley and Queisser [Shockley and Queisser, 1961].
Quantum dots constitute a new class of materials with unique properties such as
size-dependent luminescence, broad excitation spectra, narrow and symmetric emission,
high brightness, high sensitivity, and excellent photochemical stability. Typically, the
size of QDs is of the order of nanometers (10-9m). At the nanometer scale, material
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properties (e.g., chemical, optical, electrical, mechanical, magnetic, etc.) are significantly
different from the bulk materials. Moreover, exciting new physics is revealed in these
materials that can lead to numerous other potential applications. This has led to the
emergence of nanotechnology described in the following statement by the U.S. National
Science and Technology Council as: “The essence of nanotechnology is the ability to
work at the molecular level, atom by atom, to create large structures with fundamentally
new molecular organization. The aim is to exploit these properties by gaining control of
structures and devices at atomic, molecular, and supramolecular levels and to learn to
efficiently manufacture and use these devices”.
Nanotechnology enables numerous technological advances over the broadest
spectrum of applications. Specifically, a high surface-to-volume ratio in nanostructured
materials allows for their applications in catalysis, drug delivery [Duncan, 2003], and
chemical energy storage. Furthermore, nanowires and nanotubes integrated in nanoscale
devices have the potential to enable large-scale applications in nanoelectronics and
photonics [Gudiksen, et al., 2002]. Moreover, the similarities between nanostructures
and biological macromolecules (e.g., proteins and nucleic acids) provide opportunities for
the integration of biology and nanotechnology, leading to major progress in medical
diagnostics and uses in clinical diagnostic devices [Chan, et al., 2003].
With the advent of nanoscience and nanotechnology, doping of semiconductor
nanocrystals (also called QDs) has also attracted a lot of recent attention from the
scientific community [Norris, et al., 2001; Radovanovic, et al., 2002; Schwartz, et al.,
2003; Norberg, et al., 2004; Erwin, et al., 2005; Archer, et al., 2007a, 2007b; Beaulac, et
al., 2008; Yu, et al., 2010]. Transport and reactions of dopant species in nanoparticles
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have significant effects on the optoelectronic properties of the semiconductor
nanostructures [Norris, et al., 2001]. A significant effort has been made in experimental
procedures to dope semiconductor nanocrystals [Mikulec, et al., 2000; Norris, et al.,
2001; Radovanovic, et al., 2002; Schwartz, et al., 2003; Norberg, et al., 2004; Erwin, et
al., 2005] by using different synthesis routes, feed, or processing conditions; however, in
spite of this effort, the underlying doping mechanisms still remain elusive. To realize
technological applications based on nanocrystalline doped semiconductor materials, a
fundamental understanding of the phenomena that determine their structure and
properties is required. Understanding of fundamental properties will allow for the rational
design and synthesis of new materials with precise control over their chemical, electrical,
magnetic, mechanical, and optical properties. Toward this end, atomic-scale theory and
simulation provide excellent means of rigorous, quantitative research studies.
The aim of this Ph. D. thesis is the fundamental and quantitative understanding of
doping in semiconductor nanostructures through computational modeling and simulation
of dopant atom interactions with semiconductor nanocrystals. Such theoretical studies
are important in the design of new experimental procedures for the efficient doping of
nanocrystals. The underlying mechanism of doping in semiconductor nanocrystals in this
thesis is elucidated by studying the transition-metal (Mn, Co, Ni) doping in various II-VI
compound semiconductor nanocrystals (ZnSe, ZnO, and CdSe). In addition, this thesis
also addresses several outstanding issues in the synthesis and processing of other
semiconductor materials. These include the hydrogen plasma processing of carbon
nanotubes and the plasma deposition of silicon thin films.
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1.2 Background
When the size of the nanocrystals becomes smaller than the corresponding Bohr
radius, the phenomenon called “quantum confinement” occurs [Alivisatos, 1996]. This
leads to the lowering of the valence band maxima and increase of the conduction band
minima. As a result, the band gap in quantum dots can be varied and is strongly
dependent upon the size of the QD. The QDs bridge the gap between small clusters (tens
of atoms) and bulk materials. The QDs of compound semiconductors, such as the II-VI
compounds ZnS, CdSe, and ZnSe, exhibit size-dependent optoelectronic properties and
form the basis for a new generation of highly-integrated nano-electronic and photovoltaic
devices [Alivisatos, 1996; Murray, et al., 2000], as well as biological sensors [Bruchez, et
al., 1998].

Addition of impurities in the nanocrystals is another way of altering their

band gap and other physical properties. This process, called doping, is the intentional
introduction of impurities into the semiconductor lattices. It is the primary means of
controlling optical and electronic properties of bulk semiconductors.
When II-VI compound semiconductors are doped with transition metals (TMs),
they are referred as diluted magnetic semiconductors (DMS) [Furdyna, 1988; Ohno,
1998]. They are also called semimagnetic semiconductors and are of type A1II− xTM x BVI ;
where A & B are Group II (Zn or Cd) and Group VI (O, S, or Se) elements, respectively
and TM is the transition-metal (Mn, Co, or Ni) dopant. By varying the composition of the
material and the impurity atoms, the band gap of the doped material can be “tuned”. This
also leads to changes in the materials lattice parameter. The tuning of the band gap in
these materials follows Vegard’s law, i.e., there is a linear increase in the lattice
parameter, a, with increase in the composition of the dopant, x. This linear a(x)
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dependence has been verified through a variety of experimental techniques, in particular,
Extended X-ray Absorption Fine Structure (EXAFS). The incorporation of TM atoms in
the lattice structure leads to exchange interactions between the sp band electrons of the
host lattice and the d electrons of the TM atoms. This causes the splitting of the electronic
band levels resulting in the phenomenon called “giant-Zeeman splitting” in DMS
[Furdyna, 1988; Ohno, 1998]. The DMS are remarkably different from core/shell-type
semiconductor nanocrystals of type A1II− xC xII BVI or AII DxVI B1VI− x , where A or C = [Zn or
Cd] and B or D = [S or Se]. This is due to the difference in the electronic properties of Zn
or Cd atom in comparison to those of the TM (Mn, Co, or Ni) atom. The half-filled 3d
shell of the Mn atom causes intra-shell electronic transitions affecting the optical and
electronic properties of the DMS.
II-VI compound semiconductors typically occur in wurtzite or zinc-blende
lattices. Fig. 1.1(a) shows the wurtzite-structure lattice of bulk CdSe, the thermodynamic
stable form of CdSe. It has tetrahedrally bonded Cd and Se atoms stacked in ..ABAB..
pattern. CdSe, a material with band gap ~1.74 eV, has been the most widely studied
colloidal semiconductor nanocrystal system [Murray, et al., 1993; Murray, et al., 2000;
Yin and Alivisatos, 2005]. The size of CdSe nanocystals can be tuned between 1.7nm and
12nm, allowing the emission to span the entire visible spectrum.
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Figure 1.1: Equilibrium atomic configurations of the (a) CdSe wurtzite lattice, (b)
ZnSe zinc-blende lattice. Gold, silver, and light yellow spheres denote Se, Zn and Cd
atoms, respectively. The numbers shown give the indicated interatomic distances
(bond lengths) in Å.

In comparison, bulk ZnSe has a higher band gap (~2.7 eV) and occurs in zincblende structure [Fig 1.1(b)] that has ..ABCABC.. stacking planes. QDs of ZnSe emit in
the blue, violet and ultraviolet part of the spectrum. Nanocrystals of both zinc-blendestructure ZnSe and wurtzite-structure CdSe have been synthesized through colloidal
synthesis routes in a variety of sizes and shapes, such as nanowires, nanorods, and
tetrapods [Yin and Alivisatos, 2005]. ZnSe QDs are being studied as an alternative to
CdSe QDs because of their presumed lower toxicity, due to the elimination of the heavy
metal Cd [Derfus, et al., 2004]. In addition to CdSe and ZnSe nanocrystals, colloidal
ZnO nanocrystals have also been synthesized. ZnO, an optically transparent, wide-bandgap semiconductor with a large exciton energy has numerous technological applications
including gas sensors and lasers.
QDs of CdSe, ZnSe, or ZnO, when doped with TM dopants provide an excellent
model system to study DMS and doping of nanocrystals. Colloidal chemistry approaches
have been successful in the synthesis of DMS nanocrystals with both wurtzite (ZnO &
CdSe) and zinc-blende (ZnSe) lattice structures [Bhargava, et al., 1994; Mikulec, et al.,
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2000; Norris, et al., 2001; Norberg et al., 2004; Erwin et al., 2005]. Mn has been the most
common transition-metal dopant that has been studied in a variety of host lattices
including ZnS [Suyver, et al., 2001], ZnSe [Norris, et al., 2001], ZnO [Norberg, et al.,
2004], and CdSe [Mikulec, et al., 2000; Beaulac et al., 2008; Yu, et al., 2010]. In spite of
the recent successes, doping of semiconductor nanocrystals remains a very challenging
task and the underlying doping mechanisms remain elusive.
In this thesis, we aim at a fundamental and quantitative understanding of the
underlying doping mechanism in three most commonly doped compound semiconductor
nanocrystals. These include ZnO & CdSe (wurtzite-structure) and ZnSe (zinc-blende
structure). Our analysis is based on first-principles density functional theory (DFT)
calculations within the generalized gradient approximation (GGA) [Perdew, et al., 1996].
We have used the projector-augmented-wave (PAW) method and employed slab
supercells and plane-wave basis sets [Payne, et al., 1992] as implemented in the VASP
code [Kresse and Furthmuller, 1996]. Understanding such mechanisms will aid in the
precise control of the equilibrium composition and morphology of nanocrystals that
determine their optical and electronic properties. Subsequently, it can help elucidate the
mechanisms of dopant incorporation into growing nanocrystals.
In addition, a part of this thesis is focused on a fundamental understanding of the
plasma-surface interactions that govern the nucleation and growth of other semiconductor
nanostructured materials. For example, hydrogenated nanocrystalline silicon (nc-Si:H),
hydrogenated nanocrystalline germanium (nc-Ge:H), diamond structures, carbon
nanotubes, and other thin films and nanostructures of Group-IV materials find numerous
applications, ranging from solar cells to filters, heat sinks, field emitters, high-power RF
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semiconductor devices, molecular electronics, and, more recently, as biological or
chemical sensors. One common technique that is used to grow these technologically
important materials is plasma-enhanced chemical vapor deposition (PECVD), whereby
reactive chemical species created in the plasma react on a surface to facilitate the growth
of a thin film. Recently, the role of atomic H (originating in H2 plasmas) in disorder-toorder transitions of Si thin films [Sriraman, et al., 1999] was analyzed and it was found
that H-induced crystallization of plasma deposited amorphous Si films is mediated by the
insertion into strained Si-Si bonds of H atoms as they diffuse through the film. One of
the issues resolved in this thesis is the analysis of CNTs to diamond and other carbon
allotropes (such as lonsdaleite), by employing a hierarchy of atomic-scale computational
tools. This has been addressed in greater detail in Appendices I-VII.

1.3 Applications
In this thesis, we have primarily focused on the investigation of doping
mechanisms in semiconductor nanocrystals synthesized through colloidal methods
[Murray, et al., 1993]. Colloidal techniques are in particular very attractive for synthesis
of doped, as well as undoped nanocrystals. In addition to providing a better control over
the morphology and size distribution of nanocrystals, they can be easily scaled-up for
industrial production. The uniformity and reproducibility of the products allows
investigation of the physical properties of nanocrystals for device applications. Moreover,
nanocrystals formed in solution can be easily processed and functionalized by a variety of
other organic solvents for potential applications in bio-tagging [Duncan, 2003]. In
addition, this method allows for the exploration of a wide range of parameters
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(concentration of species, temperature of growth solution) and their effects on the
properties of nanocrystals can be studied. For example, in the synthesis of CdSe
nanocrystals, use of tri-octyl phosphonic oxide (TOPO) leads to the formation of rod-like
morphologies. [Peng, et al., 2000]. Colloidal synthesis techniques enable applications of
semiconductor nanocrystals in several areas such as luminescent tags for biomolecules
[Bruchez, et al., 1998; Chan et al., 2002], solar cells [Huynh, et al., 2002], lasers
[Alivisatos, 1996], optical biosensors and DNA arrays, novel optical materials and
coatings, nanoelectronics [Shim and Guyot-Sionnest, 2000], spintronics [Wolf, et al.,
2001]. In addition, DMS nanocrystals have interesting magnetic and magneto-optical
properties and exhibit ferromagnetism at high-temperatures. The observation of high
Curie temperature in these materials makes them attractive for spintronics applications
[Wolf, et al., 2001].

1.4 Research Objectives
The goal of this Ph.D. thesis is to enable the multi-scale modeling of the
synthesis, structure, and properties of doped nanostructured semiconductor materials to
enable consistent comparisons with experiments and design of new experimental
protocols. We aim at a detailed fundamental and quantitative understanding of synthesisstructure-property relationships through first-principles-based computational analysis.
Our computational study follows a synergistic combination of first-principles density
functional theory (DFT) calculations with experimental findings as reported in the
literature. These computations supply a vast amount of nanoscopic information that is
inaccessible to experimental measurements. This integrated approach addresses key
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outstanding issues in the synthesis and processing of the doping of semiconductor
nanocrystals. Specifically, we have focused on the investigation of doping mechanisms in
both wurtzite-structure (ZnO and CdSe) and zinc-blende structure (ZnSe) compound
semiconductor nanocrystals. The specific objectives on doping mechanisms entail:

1.4.1 Doping of Wurtzite-structure Compound Semiconductor Nanocrystals
We aim at a fundamental and quantitative understanding of doping mechanisms in
ZnO and CdSe nanocrystals. Both ZnO and CdSe crystallize in wurtzite structure and
have been doped with transition metal elements, such as Mn, Co, Ni, Cu etc. However,
the underlying mechanism of doping remains elusive. In this context, we have classified
the doping mechanisms in wurtzite-structure nanocrystals into two categories: (i) doping
at the “growth” stage, and (ii) doping at the “cluster” stage. The first doping mechanism
is operative in ZnO nanocrystals, as presented in Chapter 3, while the doping in CdSe
nanocrystals occurs through “cluster” doping. In particular, this thesis addresses the
following specific topics that are elaborated in Chapters 3 and 4:
•

Quantitative understanding of dopant (Mn, Co, and Ni) adsorption on low_

_

_

Miller-index surfaces [(0001), (000 1), (10 10), & (11 2 0)] of ZnO and CdSe.
•

Explanation of significant surface segregation of dopants observed in doping
of ZnO and CdSe nanocrystals that inhibits their incorporation into the
nanocrystals and prevents efficient doping.

•

Analysis of dopant binding energies on the vacancy sites of ZnO nanocrystals
that leads to substitutional incorporation of dopants.
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•

Systematic analysis of the cluster doping mechanism in CdSe nanocrystals.
This is achieved by analyzing dopant adsorption onto various sites of CdSe
clusters that have a range of diameters varying from ~ 1-1.5 nm.

•

Comparison of the formation energies of wurtzite-structure CdSe & ZnO
clusters with zinc-blende structure CdSe & ZnSe. This comparison reveals
that incorporation of dopants in wurtzite-structure CdSe clusters is a
thermodynamically favorable process.

•

Analysis of interstitial defects in CdSe bulk lattice to demonstrate the viability
of dopant incorporation in the interstitial sites of CdSe lattice.

1.4.2 Doping of Zinc-blende-structure Compound Semiconductor Nanocrystals
In addition to the investigation of the underlying doping mechanisms in ZnO and
CdSe nanocrystals, we have also analyzed transition-metal doping mechanisms in ZnSe
nanocrystals as detailed in Chapter 5. Specifically, the following topics are addressed in
this thesis addresses:
•

Theoretical analysis of dopant adsorption and diffusion on surfaces of ZnSe
nanocrystals toward elucidating the underlying dopant incorporation
mechanisms.

•

Systematic study of the simultaneous effects of surface morphology,
nanocrystal shape, and nanocrystal composition on the Mn doping of ZnSe
nanocrystals toward constructing a model for efficient doping that is
consistent with experimental observations.

11

•

Computations of the surface energies of low-Miller-index surfaces [(001),
_ _ _

(110), (111) & ( 1 1 1)] of ZnSe facets and examination of the stable
reconstructions as a function of anion (Se) chemical potential.

•

Analysis of dopant-induced surface reconstructions in ZnSe nanocrystals that
affects the equilibrium crystal shapes of nanocrystals.

•

Explanation of the doping difficulties during nanocrystal growth, as
determined by carrying out computations of the binding energy dependence
on dopant surface concentration.

Finally, this thesis also resolves certain outstanding issues in synthesis and
processing of other nanostructured materials, as discussed in Appendices I-VII. These
include the plasma deposition of silicon thin films and the hydrogen plasma processing of
carbon nanotubes. These semiconductor nanostructures have potential technological
applications ranging from solar cells [Shah, et al., 1999] and nanoelectronics [Shim and
Guyot-Sionnest, 2000] to hydrogen storage media [Muniz, et al., 2009]. Specifically, a
synergistic combination of first-principles density functional theory (DFT) calculations
and atomistic simulations based on kinetic Monte Carlo (KMC) and molecular-dynamics
(MD) methods is employed to gain a fundamental understanding of the phenomena that
determine the properties of these materials. In studying these materials, emphasis is
placed on rigorous fundamental investigation of semiconductor surface rate processes
(reactions and species diffusion) undergone by chemically reactive species originating in
gas discharges during plasma deposition. In brief, the specific topics addressed as a part
of this thesis are summarized below.
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♦

Plasma-deposited Amorphous Silicon Thin Films (a-Si:H): Using DFT
calculations in conjunction with MD and KMC simulations, we have pursued
atomic-scale modeling of plasma-surface interactions during the growth of a-Si:H
films aiming at:
•

Analysis of sequential hydride dissociation reactions on surfaces of silicon
thin films and their implications for the surface chemical composition of
plasma-deposited a-Si:H thin films [Singh, et al., 2007a, 2007b: Appendix I &
II]; and

•

Elucidation of a comprehensive mechanism of device-quality a-Si:H film
growth by plasma deposition enabled by the quantitative analysis of various
surface kinetic events (rate processes), such as radical-surface and adsorbed
radical-radical interactions, radical surface diffusion, and the above mentioned
surface hydride dissociation reactions [Pandey, et al., 2008, 2009: Appendix
III & IV].

♦

H2 Plasma Processing of Carbon Nanostructures: We aim at a fundamental
understanding of the reactions and transport phenomena that govern the plasma
processes of interest at the atomic scale.

Combining first-principles DFT

calculations with MD simulations, we have addressed the following specific
tasks:
•

Detailed theoretical analysis of the structures of various crystalline phases of
pure and hydrogenated carbon and a possible explanation for the structures of
experimentally observed phases of carbon nanocrystals through incorporation
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of interstitial hydrogen atoms, at proper concentrations, into cubic carbon
lattices [Singh et al., 2009: Appendix V].
•

Theoretical analysis toward the structural characterization of the various
crystalline phases of carbon that form upon exposing multi-walled carbon
nanotubes (MWCNTs) to an H2 plasma [Muniz, et al., 2009a: Appendix VI].

•

Investigation of the effects of hydrogen chemisorption on single-walled
carbon nanotubes [Muniz et al., 2009b: Appendix VII].

The findings from the research work that forms the contents of this thesis have
appeared in the following publications:
1. Singh T., Valipa M. S., Mountziaris T. J., and Maroudas D., "First-principles
theoretical analysis of sequential hydride dissociation on surfaces of silicon thin films,"
Appl. Phys. Lett. 90, 251915-3 (2007).
2. Singh T., Valipa M. S., Mountziaris T. J., and Maroudas D., "Mechanisms and
energetics of hydride dissociation reactions on surfaces of plasma-deposited silicon thin
films," J. Chem. Phys. 127, 194703-9 (2007).
3. Singh T., Mountziaris T. J., and Maroudas D., "First-principles theoretical analysis of
dopant adsorption and diffusion on surfaces of ZnSe nanocrystals," Chem. Phys. Lett.
462, 265-268 (2008).
4. Pandey S. C., Singh T., and Maroudas D., "On the growth mechanism of plasma
deposited amorphous silicon thin films," Appl. Phys. Lett. 93, 151913-3 (2008).
5. Singh T., Behr M. J., Aydil E. S., and Maroudas D., "First-principles theoretical
analysis of pure and hydrogenated crystalline carbon phases and nanostructures," Chem.
Phys. Lett. 474, 168-174 (2009).
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6. Pandey S. C., Singh T., and Maroudas D., "Kinetic Monte Carlo simulations of surface
growth during plasma deposition of silicon thin films," J. Chem. Phys. 131, 034503-12
(2009).
7. Muniz A. R., Singh T., Aydil E. S., and Maroudas D., "Analysis of diamond
nanocrystal formation from multiwalled carbon nanotubes," Physical Review B 80,
144105-12 (2009).
8. Muniz A. R., Singh T., and Maroudas D., "Effects of hydrogen chemisorption on the
structure and deformation of single-walled carbon nanotubes," Appl. Phys. Lett. 94,
103108-3 (2009).
9. Singh T., Mountziaris T. J., and Maroudas D., "On the transition-metal doping
efficiency of Zinc Oxide Nanocrystals," Appl. Phys. Lett. 97, 073120-3 (2010).
In addition, the following two papers also have been submitted or prepared for
submission for publication:
10. Singh T., Mountziaris T. J., and Maroudas D., "First-Principles Theoretical Analysis
of Transition-Metal Doping of ZnSe Nanocrystals," J. Chem. Phys., 2010, submitted
11. Singh T., Mountziaris T. J., and Maroudas D., "On the Transition-Metal Cluster
Doping Mechanism in CdSe Nanocrystals," in preparation

1.5 Thesis Organization
The remaining part of the thesis is organized focusing on the doping mechanisms
in II-VI compound semiconductor nanocrystals. The analysis of doping is carried out in
three different II-VI compound semiconductors, namely, ZnO, CdSe, and ZnSe. The
chemical nature and the composition of these three material systems make the analysis of

15

each system different from each other. Chapter 2 of the thesis describes the
computational modeling strategy based on first-principles density functional theory
(DFT). A brief introduction to DFT is provided along with an overview of the software
package VASP that has been used throughout this thesis. Chapter 2 also provides a
detailed description of our DFT calculational methodology along with the computations
of vacancy formation energy calculations, surface energy calculations, binding energies
for dopant adsorption onto nanocrystal surface facets, and segregation energy profiles for
segregation of transition-metal (TM) dopants on nanocrystal surfaces. Chapter 2 also
summarizes the state-of-the-art experimental techniques that have been used commonly
in the synthesis of doped as well as undoped II-VI semiconductor nanocrystals. In
addition, Chapter 2 discusses the relevant experimental characterization techniques that
have been used to determine the crystal structure, nanocrystal size, dopant concentration,
band gap, and the composition of the nanocrystals.
In Chapter 3, we study the underlying mechanism of doping wurtzite-structure
ZnO nanocrystals synthesized through colloidal methods with the TM elements Mn, Co,
and Ni.

This is accomplished by using first-principles DFT calculations and

computations of energies for adsorption and segregation of various dopants on ZnO
nanocrystal surface facets. More importantly, the underlying mechanism for
substitutional incorporation of dopants in ZnO nanocrystals is presented. Finally, Chapter
3 also gives a fundamental understanding of surface segregation effects on the doping
efficiency. The results for dopant adsorption and segregations calculations are compared
with experimental measurements reported in literature. The results of this Chapter were
published in Applied Physics Letters [Singh, et al., 2010a].
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Chapter 4 focuses on the understanding of the “cluster” doping mechanism in
wurtzite-structure CdSe nanocrystals. This is accomplished by using first-principles DFT
calculations to compute binding energies of Mn dopant on various sites of small CdSe
clusters. Chapter 4 also provides the Mn dopant surface segregation energy profiles on
low-Miller-index surfaces of CdSe crystals. The computations of Mn formation energy in
zinc-blende and wurtzite lattices are also presented in Chapter 4 and it highlights the role
of thermodynamics in the doping process of CdSe nanocrystals. The results of this
Chapter are used to examine the role of surface kinetics (dopant adsorption onto the
small-size clusters and dopant diffusion) and thermodynamics (dopant surface
segregation) on doping efficiencies in CdSe nanocrystals. The results discussed in this
Chapter are consistent with recent experimental reports of high doping efficiencies for
small-size CdSe clusters. The findings reported in this Chapter form the basis of a
research papter, which is in preparation for submission to a scientific journal.
Chapter 5 presents a detailed comprehensive model of Mn doping in zinc-blende
structure ZnSe nanocrystals using first-principles density-functional theory (DFT)
calculations. The analysis is based on a fundamental and quantitative understanding of
dopant adsorption and diffusion on surface facets of ZnSe nanocrystals and is consistent
with experimental findings on doping efficiencies. The results of this Chapter were
submitted for publication in the Journal of Chemical Physics [Singh, et al., 2010b].
Chapter 5 also reports a detailed analysis of dopant adsorption and diffusion on
ZnSe(001)-(2×1) surface. This surface is the dominant dopable surface at intermediate
dopant surface concentrations in the anion-rich regime. Three key Mn dopant surface
diffusion pathways are discussed that have implications for dopant incorporation into the

17

growing nanocrystals. The results of this section of the Chapter were published in the
Chemical Physics Letters [Singh, et al., 2008].
Finally, Chapter 6 provides the most important conclusions of this thesis research
by summarizing the two categories of doping mechanisms in ZnO, ZnSe, and CdSe. ZnO
nanocrystals with wurtzite lattice structure and ZnSe with zinc-blende lattice structure
favor “growth” doping, i.e., dopant adsorption onto the surface facets occurs when these
nanocrystals grow to a certain diameter d ~5nm. Doping in CdSe nanocrystals occurs
through cluster doping in which nanocrystals are trapped at the nucleation stage of CdSe
clusters. The elucidation of doping mechanisms in these nanocrystalline materials can
help in the design and optimization of syntheses procedures of doped nanomaterials. This
is important for the synthesis of such materials with uniform and reproducible properties.
Finally, Chapter 6 also provides the proposed future research directions in the field of
doped nanomaterials.
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CHAPTER 2
2. COMPUTATIONAL AND EXPERIMENTAL METHODS

2.1 Computational Methodology
In this Chapter, we provide a brief overview of the density-functional theory
(DFT), DFT software packages and a detailed description of our first-principles DFT
calculational methodology. In addition, we emphasize the computations of vacancy
formation energy calculations, surface energy calculations, binding energies for dopant
adsorption onto nanocrystal surface facets, and segregation energy profiles for
segregation of transition-metal (TM) dopants on nanocrystal surfaces.

2.1.1 Density Functional Theory (DFT)
Hartree Fock theory (HFT) and Density Functional theory (DFT) are the two
computational approaches that have been established for solid-state modeling from first
principles [Payne, et al., 1992]. Whereas HFT uses an electronic wave function, Ψ, to
calculate the ground-state energy of the system, DFT uses the electron density as the
variational parameter (independent variable in the variational formalism of the energy
functional extremalization) for energy minimization. The two approaches are similar in
the sense that both of them use only atomic numbers and initial positions of nuclei
(within the Born-Oppenheimer approximation) as input, but DFT supersedes HFT in
terms of lower computational cost and it includes an electron correlation function.
The wave function, Ψ, which is used as the central quantity in HFT is
complicated, difficult to probe experimentally, and dependent on 4N variables (3N spatial
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and N spin variables for an N-electron system). On the other hand, DFT makes use of the
electron density (which depends only on three spatial variables) toward solving the timeindependent, non-relativistic Schrödinger equation [Hohenberg and Kohn, 1964].
The electron density, ρ, used in DFT is defined as the probability of finding any
one of the N electrons within the volume element dr1 [Hohenberg and Kohn, 1964]

ρ ( r ) = N ∫ ...∫ | Ψ ( x1 ,x 2 .....x N ) | ds1dx1 ...dx N ,
2

(2.1)

where N is the number of electrons in the system, the xi’s are the 3N spatial variables, Ψ
is the wave function of the system, and the si’s are the corresponding spin variables
[Hohenberg and Kohn, 1964]. Using the electron density as the variational parameter,
Hohenberg and Kohn (HK) proposed the DFT approach based on the following two
theorems:
Theorem 1: “The ground-state energy E of an N-electron system is a unique functional
of the electron density.”
Theorem 2: “This functional has a minimum when evaluated with the exact ground-state
energy (The ground state is assumed to be degenerate)”
The ground-state energy functional is written as:
E [ ρ ] = ∫ ρ ( r ) Vext dr + FHK [ ρ ],

(2.2)

where Vext is the external potential, i.e., the potential due to the nuclei-electron attraction
and FHK is the Hohenberg-Kohn functional, which includes contributions due to the
kinetic energy of the electrons and the electron-electron repulsion. Using the above
energy functional, along with the constraint that the volume integral of the electron
density yields the total number of electrons, N, we extremalize the functional to derive
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the ground-state energy of the system. The resulting ground-state energy is given by

µ=

δ E[ ρ ]
δ F [ρ ]
= Vext + HK
,
δρ ( r )
δρ ( r )

(2.3)

where µ is the Lagrange multiplier introduced in order to satisfy the electron density
constraint. The two HK theorems, thereby, prove that the ground-state electron density
contains all the information about the ground-state energy, which is required to determine
all the states of the system.
The absence of an exact expression for the kinetic energy functional precludes the
analytical solution of Eq. (2.3). To accurately determine the ground-state energy, Kohn
and Sham [Kohn and Sham, 1965], developed a procedure for an effective single-particle
Hamiltonian that results in one-particle equations (drawing an analogy with the HartreeFock method), which are called the Kohn-Sham, K-S, equations. In their argument, they
“consider an auxiliary system of N non-interacting particles in some external potential
Vext having the same electron density, ρ, as the interacting system” [Kohn and Sham,
1965]. The Schrödinger wave equation for such a system is written as:
 1 2

− 2 ∇i + VS (r )ϕi = ε iϕi ,

(2.4)

where the φi’s (called the Kohn-Sham, K-S, orbitals) are represented by Slater
determinants (anti-symmetric products of one-electron wave functions) and do not
contain any electron-electron interactions. The states with the lowest energy εi can be
selected and correlated to the electron density as:
2

N

ρ S ( r ) = ∑∑ ϕi ( r, s ) .
i =1

s
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(2.5)

Kohn and Sham [Kohn and Sham, 1965] then used the exact expression for the kinetic
energy of a non-interacting electron system, Ts, that has the same electron density with
the real, interacting one, i.e.,

TS =

1 N
ϕi ∇ 2 ϕ i .
∑
2 i

(2.6)

Using this expression, the energy functional of Eq. (2.3), becomes
E[ ρ ] = −

1 N
1 ρ ( r1 ) ρ ( r2 )
ϕi ∇ 2 ϕi + ∫∫
+ E XC [ ρ ] + ∫ ρ ( r ) Vext dr,
∑
2 i
2
r12

(2.7)

where EXC is the so-called exchange correlation energy and has contributions from the
non-classical effects of self-interaction correction, exchange and correlation, as well as a
part of the electronic kinetic energy (the kinetic-energy term in the above functional is for
a

non-interacting

electron

system).

The

two

most

commonly

implemented

approximations for EXC are the Local Density Approximation (LDA) and the Generalized
Gradient Approximation (GGA) [Perdew, et al., 1996]. The energy functional in Eq.
(2.7) is then extremalized, under an orthonormality constraint for the K-S orbitals, in
order to solve self-consistently for the ground-state electron density. Subsequently, the
ground-state energy and, hence, all the relevant material properties (band gap, density of
states, free energy, etc.) can be determined.

2.1.2 DFT Software Packages

There are several software packages that have been developed in the recent years
that provide quantitative accurate implementation of the density functional theory. These
include Vienna ab-initio simulation package (VASP) [Kresse and Furthmuller, 1996],
CASTEP, Quantum ESPRESSO, SIESTA, CPMD etc. In this thesis, we have used first-
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principles density functional theory as implemented in the VASP code. Here, we provide
a brief description of the background and capabilities of the VASP code. In addition,
CPMD has been recently used for ab-initio molecular dynamics simulations and can be
used to study the dynamics of these semiconductor systems. A brief description of the
CPMD package is also provided.

2.1.2.1 Vienna Ab-initio Simulation Package (VASP)
For our first-principles DFT calculations, we have used VASP [Kresse and
Furthmuller, 1996], which is a parallelized, high-performance software package for
conducting

ab-initio

quantum

mechanical

simulations

employing

ultrasoft

pseudopotentials [Vanderbilt, 1990] (US-PP) or the projector augmented wave (PAW)
method [Kresse and Joubert, 1999] and a plane-wave basis set for the representation of
the electronic wavefunction. VASP uses a “traditional” self-consistency loop to calculate
the ground-state electron density.

It includes a full-featured symmetry code, which

determines the symmetry of arbitrary atomic configurations automatically. In our DFT
calculations, we have implemented the generalized gradient approximation (GGA)
[Perdew, et al., 1996] for the exchange-and-correlation potential, the supercell
approximation, plane-wave basis sets for the wavefunction expansion, [Payne, et al.,
1992] special k-point schemes for integration in the irreducible Brillouin zone of
reciprocal space, [Monkhorst and Pack, 1976] and either the US-PP [Vanderbilt, 1990] or
the PAW [Kresse and Joubert, 1999] method to represent the ionic cores (depending on
the chemical identity of the ions). VASP implements nonlinear optimization algorithms
for structural (geometry) optimization (i.e., energy minimization with respect to atomic
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positions) and wavefunction optimization (for electronic structure calculation for a given
atomic configuration), as well as the climbing-image nudged elastic band (NEB) method
[Henkelman, et al., 2000; Henkelman and Jonsson, 2000] for accurate saddle-point
computations and construction of optimal reaction/diffusion pathways.

2.1.2.2 Car-Parinello Molecular Dynamics (CPMD)
The CPMD code stems from the milestone contribution of Car and Parrinello [Car
and Parrinello, 1985]7 that unified DFT calculations and molecular-dynamics (MD)
simulations. The code is designed for ab-initio MD simulations (the nuclei evolve
according to the classical equations of motion within the Born-Oppenheimer
approximation with on-the-fly computation of the corresponding interaction potential)
according to DFT for the electronic degrees of freedom implemented using plane-wave
basis sets and pseudopotentials.

Important features of the CPMD code include:

wavefunction and geometry optimization, as well MD simulations in the micro-canonical,
canonical, and isothermal-isobaric/isostress ensembles. In this thesis, we have primarily
used the DFT code as implemented in the VASP code, however, CPMD has been
recently used to implement DFT designed for ab-initio molecular dynamics simulations.

2.1.3 DFT Calculational Methodology
Our DFT calculations were carried out within the generalized gradient
approximation (GGA) [Perdew, et al., 1996] and employed the projector-augmentedwave (PAW) method [Kresse and Joubert, 1999], slab supercells, and plane-wave basis
sets [Payne, et al., 1992] as implemented in the VASP code [Kresse and Furthmuller,
1996]. In our slab supercells, we used the theoretical equilibrium lattice parameters of

24

bulk II-VI semiconductor [ZnO (a = 3.28 Å, c = 5.28 Å), ZnSe (a = 5.73 Å), or CdSe (a
= 4.39 Å, c = 7.18 Å)] with the appropriate surface reconstruction for each surface
examined, a slab thickness of 5-10 layers, dangling bond passivation with H atoms at the
base of the slab (i.e., side opposite from the surface), and an at least 14-Å-thick vacuum
layer in the direction perpendicular to the slab surface.

We performed structural

relaxation for all the atoms in the slab supercell except for those at the bottom layer (from
the surface). After performing careful convergence tests, we used for our calculations a
kinetic-energy cut-off of 290 eV and a (2×2) k-point mesh in the irreducible wedge of the
first Brillouin zone for integration in reciprocal space [Monkhorst and Pack, 1976]. All of
the calculations reported in this study were spin-polarized. To calculate the total energies
of the relaxed atomic configurations (geometrically optimized configurations with the
electrons in their ground state), we used a conjugate gradient algorithm with convergence
criteria that the difference in electronic and ionic self-consistent energy was smaller than
10-4 eV and 10-3 eV, respectively.
The use of slab supercells for modeling surfaces of large nanocrystals (with
diameters d ~ 5 nm) assumes that the nanocrystals have polyhedral shapes with welldefined facets, an assumption that is justified by experimental observations of II-VI
semiconductor nanocrystals with wurtzite (ZnO or CdSe) or zinc-blende (ZnSe) lattice
structure [Schwartz, et al., 2003; Norberg, et al., 2004; Erwin, et al., 2005]. Our DFTbased surface energy calculations confirm that the equilibrium crystal shape (ECS) of IIVI semiconductor nanocrystals consists of low-Miller-index surfaces only [Moll, et al.,
_

_

_

1996; Pehlke, et al., 1997]. These include (0001), (000 1), (10 10), and (11 2 0) surfaces
_ _ _

for wurtzite-structure ZnO or CdSe and (001), (110), (111), and ( 1 1 1) surfaces for zinc-
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blende-structure ZnSe. During the growth of nanocrystals and in the ECS, the surface
area of the nanocrystal facets is determined (as a result of free energy minimization for
given nanocrystal mass) by the chemical potentials of the anionic/cationic precursors in
the growth solution. Finally, it should be mentioned that nanocrystal growth occurs in
solution and not in vacuum; however, the solvent molecules do not react with the
nanocrystal surface and the pressure in the growth experiments is low (atmospheric). The
slab supercell models used in this thesis are consistent with these conditions and have
been employed in other studies of nanocrystal doping that have been reported in the
literature [Erwin, et al., 2005]. This slab supercell modeling approach also allows for
comparisons with experimental observations on doped thin films grown on certain
substrates. Finally, it should be mentioned that the calculational procedures detailed in
the Section 2.1.3 can be generalized to any undoped and doped compound semiconductor
system.

2.1.3.1 Vacancy Formation Energy Calculations
The formation energy, Ef, for a neutral vacancy in the bulk A-B (A = Zn or Cd; B
= O or Se) lattice is defined as
E f = Etot − µ A N A − µ B N B ,

(2.8)

where Etot is the total energy of the supercell consisting of NA atoms of element A (Zn or
Cd) and NB atoms of element B (O or Se) and µA and µB are the chemical potentials of
elements A and B, respectively. Using the relation µ AB = µ A + µ B , Eq. (2.8) can be

expressed as a function of µB only and the formation energy Ef- can be computed in the
anion-rich regime according to the equation
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E f = Etot − µ AB N A − µ B ( N B − N A ).

(2.9)

In Eq. (2.9), µA is calculated for an isolated atom of element A and the bulk structure that
defines the thermodynamic limits of µA, while the range of µB is calculated for an isolated
atom of element B (O or Se) and for the bulk structure (a pure O2 molecule or Se
hexagonal structure). The surface vacancy formation energy was calculated according to
the equation
E f = Etot − E pristine + µ v ,

(2.10)

where Etot is the energy of the AB surface slab containing a single vacancy on the surface,
Epristine is the total energy of the slab without the vacancy, and µv is the chemical potential
of element A or B (depending on the element type of the atom that is removed to generate
the vacancy).

2.1.3.2 Surface Energy Calculations
The surface reconstruction that has the lowest surface energy value yields the
most stable surface structure at a given value of the chemical potential of an individual
constituent species. For a compound semiconductor system, ZnSe, this surface energy
value is determined by calculating the total free energy of the slab supercell and satisfies
the expression
(γ top + γ bottom ) A = E pristine − µ Zn N Zn − µ Se N Se ,

(2.11)

where γ top and γ bottom are the surface energies of the top and bottom surfaces of the slab,
respectively, A is the corresponding surface area, E pristine is the total energy of the
undoped slab with a pristine surface, µ Zn and µ Se are the chemical potentials of Zn and
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Se, respectively, and N Zn and N Se are the numbers of Zn and Se atoms in the supercell,
respectively. The upper limits for µ Zn and µ Se are the chemical potential values for their
respective bulk phases. For the binary compound ZnSe, in thermodynamic equilibrium,
the chemical potentials of Zn, µ Zn , and Se, µ Se , are related to the chemical potential of
ZnSe, µ ZnSe , according to the equation

µ Zn + µ Se = µ ZnSe = µ Zn,bulk + µ Se,bulk − ∆H f .

(2.12)

In Eq. (2.12), µ Zn,bulk and µ Se,bulk are the chemical potentials of the Zn and Se bulk phases,
respectively, and ∆H f is the heat of formation of ZnSe. For the calculation of µ Zn,bulk
and µ ZnSe,bulk , we used the hexagonal close-packed structure of Zn (Space Group:
_

P63/mmc; #194) and the zinc-blende structure of ZnSe (Space Group: F 4 3m; #216),

respectively. Our DFT calculations yielded µ Zn ,bulk = 1.10 eV/atom and µ ZnSe,bulk = 6.07
eV/atom. µ Se ,bulk was determined by comparing the cohesive energies of the hexagonal
(Space Group: P3121; #152), monoclinic α (Space Group: P21/c; #14), and monoclinic β
(Space Group: P21/c; #14) structures of Se. The computed values of µ Se ,bulk are 3.50,
3.49, and 3.48 eV/atom for the hexagonal, monoclinic α, and monoclinic β phases,
respectively. Therefore, using in Eq. (2.12) the µ Se ,bulk value for the hexagonal structure
(the most stable one), gives ∆H f = 1.47 eV/atom. This is in close agreement with the
experimentally reported value of ∆H f = 1.38±0.04 eV/atom [Triboulet, et al., 1999].
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To eliminate the dependence on µ Zn of the surface energies in Eq. (2.11) and
express them as functions of µ Se only, the left equality of Eq. (2.12) is combined with
Eq. (2.11) to yield
(γ top + γ bottom ) A = E pristine − µ ZnSe N Zn − µ Se ( N Se − N Zn ).

(2.13)

If the top and bottom surfaces of the slab have equivalent terminations, which is the case
for the (001) and (110) surfaces, Eq. (2.13) reduces to
2γ surf A = E pristine − µ ZnSe N Zn − µ Se ∆N ,

(2.14)

where γ surf is the surface energy for the surface under consideration and ∆N = N Se − N Zn
is determined by the stoichiometry of the surface. A consistent rule is applied to calculate
∆N for each surface reconstruction examined and is discussed in greater detail in Chapter

V. In Eq. (2.14), the lower and upper limits for µ Se are determined by the expression

µ Se,bulk − ∆H f < µ Se < µ Se,bulk ,

(2.15)

which follows from Eq. (2.12). Subtracting µ Se ,bulk from each side of the inequalities
(2.15) yields

− ∆H f < µ Se − µ Se ,bulk < 0.

(2.16)

This defines the thermodynamic limits of the Se chemical potential for which all the
surface energy plots are drawn in Chapter V.
_ _ _

For the calculation of the surface energies for the polar (111) and ( 1 1 1) surfaces
of ZnSe, Eq. (2.13) cannot be used because of the different terminations of the top and
bottom slab surfaces. Therefore, the bottom surface is passivated with pseudohydrogen
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atoms, which not only eliminates the surface-surface interactions between adjacent slabs
(periodic images) but also allows the bottom layers of the slab to be fixed at their bulk
crystalline lattice atomic positions. Using this approach and Eq. (2.13), the surface
energy is calculated according to the equation

γ surf A = E pristine − µ ZnSe N Zn − µ Se ( N Se − N Zn ) − σ H ,

(2.17)

where σ H is the energy contribution as a result of the H passivation. To verify the
accuracy of this approach, we computed the surface energies of the (001) and (110)
surfaces both by having equivalent surfaces at the top and bottom of the slab [Eq. (2.14)]
and by using pseudohydrogen passivation [Eq. (2.17)]. The differences in computed
surface energy values using both of these approaches were found to be lower than 1
_ _ _

meV/Å2. Consequently, the surface energies for the polar (111) and ( 1 1 1) surfaces were
computed by using Eq. (2.17) only.
For the calculation of the surface energy of a nanocrystal facet onto which dopant
atoms have adsorbed, an additional contribution due to the energy of the dopant atoms at
their reference state should be accounted for in Eq. (2.17) to give

γ surf A = Esurf + Mn − µ ZnSe N Zn − µ Se ( N Se − N Zn ) − σ H − N Mn µ Mn, vacuum .

(2.18)

In Eq. (2.18), Esurf+Mn is the total energy of the slab with the adsorbed Mn dopant atoms,

NMn is the number of Mn atoms in the supercell and µMn,vacuum is the chemical potential of
an isolated Mn atom. Using µMn,vacuum in Eq. (2.18) gives a theoretical upper bound for
the surface energy value, whereas the lower bound is determined by using the chemical
potential of a Mn atom in bulk Mn. In the latter case, the surface energy, γsurf, is given by
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γ surf A = Esurf + Mn − µ ZnSe N Zn − µ Se ( N Se − N Zn ) − σ H − N Mn µ Mn ,bulk ,

(2.19)

where µMn,bulk is the chemical potential of Mn in its bulk structure (Space Group: I43m;
#217). In our model, the dopant atom is assumed to approach a nanocrystal facet as an
isolated atomic species from the solution (through either direct adsorption or dissociative
adsorption from a surfactant-dopant complex [Du, et al., 2008]); in this sense, Eq. (2.18)
was used to calculate the surface energy values of doped ZnSe nanocrystals with Mn
atoms adsorbed onto the nanocrystals’ surface facets.

2.1.3.3 Dopant Binding Energy Calculations
The binding energy for dopant adsorption onto a particular surface site was
calculated according to the equation

Eb = Esurf + d − E pristine − µ d N d ,

(2.20)

where Eb is the binding energy, Esurf+d is the total energy of the supercell that contains the
adsorbed dopant (d), Epristine is the total energy of the supercell with a pristine surface in
the absence of the dopant, µd is the chemical potential of an isolated dopant atom, and Nd
is the number of the dopant atoms in the supercell. The binding energies for adsorption of
dopant atoms onto the surfaces of interest were computed for all the possible stable
binding sites on each surface structure for every surface orientation.

2.1.3.4 Dopant Surface Segregation Energy Profiles
To explain the tendencies of the TM dopant atoms to segregate on the surfaces of
the II-VI compound semiconductor crystals, A-B [A = Zn or Cd, B = Se or S], we
computed the corresponding surface segregation energies. We substitute an atom of
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element A with the transition-metal dopant atom at a given location with respect to the
surface and relax the structure fully using the convergence criteria for electronic and
ionic energies given in Sec. 2.1.3. The number of A atoms substituted in the supercell
determines the dopant concentration in the A-B crystal. For any given surface, there are
four A atoms in a given layer of the slab (the size of supercell used in our calculations
this). Therefore, x = 0.25 implies substitution of one A atom out of the four available
surface A atoms (per surface unit cell) with one TM dopant atom, x = 0.5 implies that two
out of the four available surface A atoms are substituted with two TM atoms, and x = 1
implies that all four A atoms are replaced by TM dopant atoms. The dopant surface
segregation energy, Eseg, is calculated with respect to the energy of the crystal with the
dopant atom(s) at the surface according to the equation
E seg (l ) = Elayer (l ) − E surf (l = 1) .

(2.21)

In Eq. (2.21), Elayer is the total energy of the supercell when a Zn atom is substituted by a
dopant atom in an inner layer of the slab, Esurf is the energy of the supercell with the Zn
atom substituted by a dopant atom at the surface, and l indicates the atomic layer in the
slab with l = 1 being the (first) surface layer and increasing inwards, away from the
surface; therefore, Eseg(l) gives a segregation energy profile along the slab’s depth
coordinate. Evidently, Eseg(l = 1) = 0.

2.1.3.5 Construction of Optimal Dopant Diffusion Pathway
To construct fully optimized dopant diffusion pathways and obtain accurate
saddle-point configurations and activation energy barriers, we implemented the nudged
elastic band (NEB) method including a climbing image [Henkelman, et al., 2000;
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Henkelman and Jonsson, 2000]. This has been implemented in conjunction with the
electronic structure calculations computed through the DFT code VASP [Kresse and
Furthmuller, 1996]. NEB method is used to find the optimal diffusion or reaction
pathway, called minimum energy path (MEP) between an initial and final state of the
system. A requirement for the NEB method is that the initial and final state of the
pathway is known. This is achieved first by local structural relaxation of the system to
determine the stable equilibrium states. Once the initial and final states of the pathway
are determined, a number of images (or replicas) are constructed, generally of the order
of 4-20. An initial guess of the images is made through linear interpolation between the
geometrical structures of the initial and final configuration. The force on the adjacent
images is introduced through a spring interaction, thereby creating an elastic band. This
force on each image is then optimized using the NEB method thus driving the system
toward MEP. Throughout the optimization process, the initial and final configurations of
the system are kept fixed. In the climbing image, the image with the highest energy is
driven to the saddle point without experiencing the spring force along the band. The
highest energy image of the system for the diffusion/reaction pathways gives the
activation energy barrier, a quantity that estimates the transition rates of the system
within the harmonic transition state theory. The reader is directed to the two papers,
Henkelman, et al., 2000 and Henkelman and Jonsson, 2000 for a detailed description of
the NEB method. An important point to note during the determination of transition state
(or saddle point) through NEB is that the calculation for each intermediate structure has
to run on a separate processor of a multiprocessor machine, because there is constant
interaction between the intermediate structures.
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The progress of dopant diffusion for each pathway under consideration in Chapter
5 was monitored by visualizing planar intersections of the three-dimensional valence
electron density (VED) distribution along the diffusion pathway. For minimum-energy
surface diffusion pathways, relaxation was performed until the total force in the direction
of the normal vector between the two neighboring images on the constituent atoms were
weaker than 0.01 eV/Å. Dopant migration energetics is reported as the difference in total
energy, E, between the initial configuration and the intermediate configurations along the
optimized minimum-energy diffusion pathway; along the migration path, E is expressed
as a function of a migration coordinate, ξ, defined as a normalized distance, 0 ≤ ξ ≤ 1,
between the initial and final position of the dopant atom on the surface during an atomic
hop.

2.2 Experimental Methods and Characterization
In this Section, we describe the experimental techniques for the synthesis and
characterization of doped as well as undoped II-VI semiconductor nanocrystals.

2.2.1 Synthesis of Semiconductor Nanocrystals
II-VI semiconductor nanocrystals have been synthesized following a variety of
physical and chemical routes. These include colloidal synthesis techniques [Murray, et
al., 1993, 2000; Hines and Guyot-Sionnest, 1998; Yin and Alivisatos, 2000; Hillhouse
and Beard, 2009], vapor-phase synthesis [Sarigiannis, et al., 2002], microemulsion-gas
synthesis [Karnikolos, et al., 2004], or vacuum deposition methods. These are described
in a greater detail in the following sections.
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2.2.1.1 Colloidal Synthesis
Colloidal syntheses techniques provide excellent means to control the size, shape,
crystal structural and material composition in semiconductor nanocrystals [Yin and
Alivisatos, 2005]. This is carried out using a standardized procedure called “hotinjection” method that was developed by Murray et al. [Murray, et al., 1993] during the
synthesis of cadmium chalcogenide nanocrystals. In a typical synthesis procedure,
inorganic precursors (both cationic and anionic) of the desired nanocrystal species are
added to an organic solvent in a three-neck flask [Murray, et al., 2000] as shown in Fig.
2.1.

Figure 2.1: Schematic of the three-neck flask used commonly during the colloidal
synthesis of doped and undoped semiconductor nanocrystals [From Murray, et al.,
2000].
Organic surfactants, typically long alkyl chains of amines and phosphines [e.g.,
hexadecylamine (HDA) or tri-octyl phosphine (TOP)], are first heated to a desired
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temperature [150-350°C] but below the boiling point of the surfactant. Cationic
precursors are metal alkyl (e.g., diethyl zinc, diethyl cadmium, dimethyl cadmium) while
anionic precursors can be either in powder form or organic chalcogenides. A heating
mantle on a stir-plate positioned beneath the flask maintains the temperature of the
solvent [Fig. 2.1]. A thermostat is inserted through one of the side necks of the flask, the
center neck is used to either purge an inert gas (Nitrogen or a noble gas) or pull vacuum
to remove any volatile compounds or impurities, and the other side neck is used to inject
precursors rapidly. The precursors react instantaneously to form small clusters that
coalesce to form nanocrystals. This process entails three distinct phases of growth i.e.,
nucleation, Ostwald ripening, and saturation. The size of the nanocrystals is controlled by
the presence of organic surfactants that passivate the dangling bonds on the surfaces of
nanocrystals. This method has been adopted widely in literature [Murray, et al., 1993,
2000; Hines and Guyot-Sionnest, 1998; Yin and Alivisatos, 2000; Hillhouse and Beard,
2009] and yields nearly monodisperse (≤ 5% size difference) semiconductor nanocrystals
with diameters ranging from 1-20 nm, after size-selective precipitation.
Preparation of monodisperse nanocrystals is crucial in determining the underlying
structure-property relationships at the nanoscale and their resulting applications. A wide
variety of II-VI, III-V and IV-VI semiconductor nanocrystals have been synthesized
through this method. These include CdSe [Murray, et al., 1993], CdS [Murray, et al.,
1993; Vossmeyer, et al., 1994], ZnSe & ZnS [Hines and Guyot-Sionnest, 1998], GaAs,
InAs, PbSe, PbS. The nearly spherical quantum dots possess a polyhedral morphology
and have well-defined facets. Other than spherical quantum dots, nanocrystals have also
been synthesized in the form of nanorods, nanowires, tetrapods [Yin and Alivisatos,
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2005], and helical structures. It has been proposed through density functional theory
calculations [Manna, et al., 2005] that the reactivity of surfactants on a given nanocrystal
facet controls the shape of these nanocrystals. The synthesis procedures and processing
conditions vary for individual nanocrystals on a case-by-case basis. Temperature of the
growth solution, concentrations of the inorganic precursors, and organic surfactants play
an important role in determining the final shape, size and composition of the
nanocrystals. For example, at low temperature synthesis of CdS nanocrystals with zincblende structure is formed while at high temperature wurtzite structure is formed
[Vossmeyer, et al., 1994].
CdSe nanocrystals with wurtzite structure have a characteristic anisotropic
direction of growth along the c-axis. If the growth rate of nanocrystals is fast, the reaction
yields anisotropic nanocrystals that have nanorod/nanoribbon like morphology. However,
if the growth rate is slower, i.e., carried out at low temperatures, nanocrystals with
spherical morphology are obtained. This occurs because thermodynamic effects dominate
leading to the equilibration of the system. This leads to minimization of the total surface
energy of the nanocrystals to yield nearly monodisperse spherical nanocrystals [Peng, et
al., 2000].

2.2.1.2 Vapor-phase synthesis
Using a counterflow jet reactor operating at 120 Torr and room temperature,
Sarigiannis et al., [Sarigiannis, et al., 2002] synthesized ZnSe nanocrystals. The reactor
consisted of two coaxial vertical and horizontal tubes. Vapors of (CH3)2Zn:N(C2H5)3
(DMZ-TEA) were introduced from the lower end of the vertical tube while H2Se diluted
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with H2 gas was introduced through the upper end. At the stagnation point, nucleation
reaction of highly reactive precursors followed by nanocrystal coagulation leads to
aggregates of ZnSe nanocrystals. These nanocrystals, characterized by a combination of
Transmission Electron Microscopy (TEM), Electron Diffrraction (ED), Raman
Spectroscopy and Energy Dispersive Analysis of X-rays (EDAX) [See the following
section on nanocrystal characterization], were found to be polycrystalline zinc-blende
particles with average size of 40nm. The polycrystalline particles were formed by
coagulation of nanocrystals with size of ~4nm. This direct vapor-phase technique allows
control of size distribution of particles through manipulation of precursor concentrations,
flow rate, temperature, or the pressure of the reactor.

In addition to providing an

excellent control in the synthesis of monodisperse nanocrystals, flexibility in the use of
reactants, and easy scale-up, vapor-phase technique is an attractive means for II-VI
nanocrystal synthesis.

2.2.1.3 Micoremulsion-Gas Contacting Technique
This technique makes use of templates to precisely control the size and shape of
nanocrystals with a promise of easy scale-up. Templates provide a favorable media for
the growth of monodisperse nanocrystals. Microemulsions are formed by mixing polar
and non-polar solvents with amphiphilic surfactants. For example, [Karanikolos, et al.,
2003] in the synthesis of ZnSe nanocrystals, diethyl zinc is mixed with n-heptane that
serves as the dispersed phase, formamide acting as a polar continuous phase, and an
amphiphilic block copolymer poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene
oxide), PEO-PPO-PEO, as surfactant. The self-assembly of this mixture leads to the
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formation of a microemulsion through which hydrogen selenide gas diluted in hydrogen
is bubbled at room temperature to yield ZnSe nanocrystals. The droplets in the
microemulsion serve as nanoreactors and the diffusion of H2Se and subsequent
coalescence of nanocrystals in the droplets leads to the formation of monodisperse ZnSe
nanoparticles. The initial diethyl zinc concentration controls the size of the nanocrystals
formed. Various shapes and sizes such as 0-D quantum dots that have spherical
morphology or 1D nanowires can be synthesized using this technique. The average
diameter of the dispersed phase (heptane) was ~ 40nm in which the nanocrystals with
diameters ranging from 2-8nm were synthesized. Recently, a lattice Monte Carlo model
[Kuriyedath, et al., 2010] has been developed that describes the formation of ZnSe
nanocrystals based on the microemulsion-gas contacting technique.

2.2.2 Characterization Techniques
Structural and compositional characterization of nanocrystals is crucial toward the
understanding of structure/property relations and its importance cannot be understated.
Furthermore, they reveal important information about the synthesis process and allow a
means toward process design and optimization of processing conditions. In most cases, a
single characterization technique is not enough and a combination of methods can only
provide detailed analysis of the system. A brief discussion of the relevant methods in the
characterization of colloidal semiconductor nanocrystals (NCs) is provided below:

2.2.2.1 Transmission Electron Microscopy
Transmission Electron Mircroscopy (TEM) is used to probe the size, shape and
internal structure of nanocrystals. Low-resolution TEM gives the ensemble average of
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NCs to determine their average size while high-resolution TEM (HRTEM) reveals the
shape and internal structure of NCs. Specifically, lattice fringes and crystallinity of the
NCs can be distinctively observed using HRTEM.

2.2.2.2 Photoluminescence Spectrometry (PS) and Electron Absorption
Spectroscopy (EAS)
PS and EAS are used to probe the electronic and optical properties of
nanocrystals. The device that is used to measure PS and EAS is called spectrophotometer.
Light is passed onto the sample at various wavelengths spanning the entire region of
visible light, which is absorbed by the materials. It causes the excitation of electrons from
the valence band to the conduction band and when the electrons return to their
equilibrium state, they emit light at a different wavelength depending upon the band gap
and size of the NCs. Consequently, information about the average bandgap of the
material can be indirectly interpreted from the peaks of the photoluminescence/absorption
spectra. This can, in turn, reveal information about the average size of the NCs. In
addition, nanocrystal size distribution, growth kinetics, growth mechanisms and
electronic structure can also be measured dynamically using these techniques. This can
aid in the design and development of the syntheses methods of semiconductor
nanocrystals.

2.2.2.3 X-Ray Diffraction (XRD)
X-Ray Diffraction (XRD) has been one of the conventional and oldest methods
that has been used to determine the crystal structure of materials. Bragg’s model of
diffraction describes the principle of XRD; therefore, the peaks observed in the
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diffraction pattern of crystals are termed Bragg peaks. Similar to determining the crystal
structure of bulk crystals, XRD is also widely used to determine the crystal structure of
nanocrystals. Single-crystal XRD determines the lattice spacing of nanocrystals and in
combination with TEM, the lattice parameter of the nanocrystals can be established.

2.2.2.4 X-Ray Photoelectron Spectroscopy (XPS)
XPS is primarily a surface characterization technique and has been widely used in
measuring the elemental composition of thin-films grown by vacuum deposition
methods. During the synthesis of pure nanocrystals, it is very important that the desired
product is achieved and there are no impurities in the nanocrystal unless they are
intentional. Hence, the use of XPS in determining elemental composition is quite
prevalent. For the study of nanocrystals, generally a spin coating of free-standing
nanocrystals on a silicon wafer is carried out for analysis using XPS. The spin-coated thin
film reveals the elemental composition of the nanocrystals with a reasonable quantitative
accuracy. However, a major limitation in the elemental analysis of nanocrystals is the
presence of organic surfactants that passivate the surfaces of nanocrystals.

2.2.3 Synthesis of Doped Nanomaterials
In the previous section, we focused on various methods for the synthesis and
characterization of semiconductor nanocrystals. Doping of semiconductor nanocrystals,
although similar to the synthesis of undoped nanocrystals, is a difficult and challenging
task. One of the objectives of this thesis is the fundamental understanding of the doping
processes in semiconductor nanocrystals and the following section introduces some of
methods that have been used to achieve successful doping of nanocrystals.
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2.2.3.1 Colloidal Synthesis
Synthesis of nanocrystals using colloidal chemistry techniques has been described
in Sec 2.2.1. Synthesis of doped colloidal nanocrystals involves injection of a dopant
precursor [e.g., MnCl2 for Mn] into a mixture of the Group II and VI precursors dispersed
in an organic solvent. Doping procedures have been standardized based on empirical
knowledge of the reactions rather than the fundamental knowledge of the system. Factors
contributing to doping procedures and their relationships with the structure-properties of
doped nanocrystals are not well understood. So far, a variety of nanocrystals have been
successfully doped through this method such as Mn-doped ZnS [Bhargava, et al., 1994],
Mn-doped CdSe [Mikulec, et al., 2000], Co/Ni-doped ZnO [Radovanovic, et al., 2002,
2003; Schwartz, et al., 2003a, 2003b], Mn-doped ZnO [Norberg, et al., 2004], and Mndoped ZnSe [Norris, et al., 2001; Erwin, et al., 2005; Zu, et al., 2006]. A variety of
characterization techniques that are used to confirm successful doping in nanocrystals are
described in Section 2.2.4.

2.2.3.2 Cluster Thermolysis
This technique has proven to be quite successful for the synthesis of doped CdSe
nanocrystals, such as Co-doped CdSe [Hanif, et al., 2002], Mn-doped CdSe [Beaulac, et
al., 2007, 2008], or Mn/Co-doped CdSe/CdS [Archer, et al., 2007a; 2007b]. In the case of
synthesis of doped CdSe nanocrystals, polynuclear transition-metal clusters such as
(Me4N)4[Cd10Se4(SPh)16] in the presence of TMCl2 [TM = Co2+ or Mn2+] and
hexadeclyamine (HDA) undergo thermolysis to yield doped nanocrystals. This method is
quite effective and leads to high-quality doped CdSe nanocrystals with high
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photoluminescence quantum yields, and size distributions ranging from 2-10nm [Archer,
2007a, 2007b; Beaulac, et al., 2008]. Although the cluster thermolysis approach is
successful in achieving doping of CdSe nanocrystals over the “hot-injection” method, a
fundamental understanding of the doping process in CdSe nanocrystals still remains
unclear. A detailed investigation of this method is carried out through density-functional
theory (DFT) calculations and is discussed in Chapter 4.

2.2.3.3 Vacuum Deposition Methods
Synthesis of thin films of transition-metal doped compound semiconductors, also
called, diluted magnetic semiconductors (DMS), has also been carried out using a variety
of vacuum deposition methods. These include pulsed-laser deposition (PLD) or
molecular beam epitaxy (MBE) and have led to successful synthesis of numerous DMS
materials. For example, synthesis of thin-films of Co2+:TiO2 (TC ~ 300 K) [Matsumoto,
2001], Mn2+:ZnO (TC > 300 K) [Sharma, et al., 2003], Cu2+:ZnO (TC > 350 K)
[Buchholz, et al, 2005], Cr2+:In2O3 (TC ~ 850-900 K) [Coey, et al., 2005] have been
reported, where TC refers to the Curie temperature of the deposited films. In a typical
synthesis procedure involving deposition of Mn-doped ZnO thin films using pulsed-laser
ablation technique, first the target material Zn1-xMnxO is prepared. This is done by
mixing the precursors for Zn (ZnO powder) and Mn (MnO2) followed by calcination and
sintering at high temperatures (T = 400-800°C) for 6-8 hours to yield Zn1-xMnxO ceramic
pellets. These ceramic pellets then become the target material for a continuum laser (e.g.,
KrF laser pulse) operating at a given frequency (e.g., 10 Hz) and an energy density (e.g.
1.0 Jcm-2). Thin films of these materials are deposited on a given substrate [e.g., fused
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quartz or sapphire (α-Al2O3 0001)] at a particular substrate temperature for 30-60
minutes and a set partial pressure. This results in the formation of doped ZnO thin films
that are typically characterized by using the characterization techniques described in
Section 2.2.4 to study their structure- property relationships.

2.2.4 Characterization Techniques for Doped Nanomaterials
TEM, PS, EAS, XRD etc. briefly discussed in Section 2.2.2 are commonly used
analytical techniques for characterization of pure nanomaterials. Analysis of doped
nanocrystals, however, requires advanced techniques that must be used to verify
successful doping in nanocrystals. There are several criteria that must be satisfied before
dopant incorporation in nanocrystals is concluded. The unique optical and electronic
properties of doped nanomaterials can be studied by a variety of spectroscopic
techniques. A brief discussion of the characterization methods that have been used in
literature [Bryan and Gamelin, 2005] to establish doping in nanocrystals is appended
below:

2.2.4.1 Electron Paramagnetic Resonance (EPR)
EPR is a spectroscopic technique that is generally used for the detection of free
radicals or species consisting of one or more unpaired electrons. EPR has been proven to
be successful in determining the synthesis of transition-metal-doped semiconductor
nanocrystals, e.g., when the transition metal is Mn. For Mn-doped colloidal nanocrystals,
EPR exhibits hyperfine six-line splitting. The breadth of the splitting pattern distinguishes
the surface bound dopants and the dopants that are incorporated within the nanocrystals.
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2.2.4.2 Inductively coupled plasma atomic emission spectrometry (ICP-AES)
ICP-AES is specifically used to identify trace elements and quantify
concentrations of dopant species in the nanocrystals. A-priori knowledge of the impurity
atom in the nanocrystal is required for the successful use of this technique. ICP-AES
utilizes a plasma source for atomization and excitation of the elements in the sample. In
combination with EPR spectra, it is used to accurately calculate the total number of
dopant atoms in the nanocrystal.

2.2.4.3 XRD, PS, and Magnetic Circular Dichroism (MCD)
The XRD pattern for doped nanocrystals remains unaffected by the presence of
impurities in the nanocrystals. However, the lattice parameter of the nanocrystals changes
as a result of dopant incorporation, due to the additional strain induced. If the average
lattice parameter varies linearly with the increase in concentration of the dopants in the
nanocrystals, it is referred as Vegard’s Law. This trend is captured in XRD studies and is
used

to conclude the presence of impurities within the host nanocrystal.

Photoluminescence spectra for doped nanocrystals exhibit a second distinctive peak in
addition to the intrinsic peak for pure nanocrystals. For example, Mn-doped ZnSe
nanocrystals exhibits two peaks: (i) one at ~ 420 nm (2.7 eV) corresponding to bulk ZnSe
band gap and depending upon the size of quantum dots; (ii) the other at ~ 585 nm (2.12
eV) corresponding to bulk ZnSe:Mn. MCD is used to confirm the sp-d exchange
interactions between the sp electrons of the host nanocrystals and the d electrons of the
transition metal. To confirm dopant incorporation, an external magnetic field applied
through the doped nanocrystals reveals giant Zeeman splitting. It is a characteristic
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feature that may enable the spin state of electron to be utilized in potential spintronics
applications. EPR and MCD in combination with EAS/PS confirm the substitutional
incorporation of dopants in the nanocrystal.
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CHAPTER 3
3. TRANSITION-METAL DOPING OF ZINC OXIDE NANOCRYSTALS

3.1 Introduction
Diluted magnetic semiconductors (DMSs) are compound semiconductors doped
with transition metals (TMs) [Furdyna, 1988; Ohno, 1998]. ZnO, an optically transparent,
wide-band-gap semiconductor with a large exciton energy has been studied extensively
as a potential DMS. ZnO doped with TMs has been shown to exhibit room-temperature
(RT) ferromagnetism with potential applications in spintronic devices [Wolf, et al.,
2001]. p-type ZnO and GaN doped with TMs have been predicted theoretically to
potentially exhibit RT ferromagnetism [Dietl, et al., 2001]. These predictions have been
verified by the observation of ferromagnetism above RT in a variety of doped
semiconductor oxide thin films deposited using vacuum deposition methods, such as
molecular-beam epitaxy (MBE) and pulsed-laser deposition (PLD) [Matsumoto, et al.,
2001; Ueda, et al., 2001; Sharma, et al., 2003; Park, et al., 2004]. In addition, DMSs have
been synthesized using colloidal synthesis techniques [Murray, et al., 2000] in a variety
of shapes such as nanocrystals, [Radovanovic, et al., 2002; Schwartz, et al., 2003;
Norberg, et al., 2004] nanorods or nanowires [Yuhas, et al., 2006], and tetrapods [Roy, et
al., 2004; Zheng, et al., 2004]. The magnetic, optical, and electronic properties of DMSs
are strongly dependent on the preparation techniques and processing conditions, such as
temperature and the concentrations of the growth precursors [Sharma, et al., 2003;
Schwartz, et al., 2003; Norberg, et al., 2004; Erwin, et al., 2005]. Although the origin of
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ferromagnetism in these materials is still under investigation, successful synthesis of such
doped nanomaterials is crucial toward device applications.
Colloidal chemistry approaches have been successful in the synthesis of DMSs
with both wurtzite and zinc-blende lattice structures [Murray, et al., 2000; Schwartz, et
al., 2003; Norberg, et al., 2004; Erwin, et al., 2005]. Nevertheless, doping of
semiconductor nanocrystals remains a very challenging task and the underlying doping
mechanisms remain elusive. In colloidal doped nanocrystals, significant segregation of
dopants (e.g., Co/Ni-doped ZnO [Schwartz, et al., 2003] or Mn-doped ZnO [Norberg, et
al., 2004]) has been observed through X-ray absorption and electron paramagnetic
resonance (EPR) spectroscopies. Significant phase segregation also has been observed in
Co-doped ZnO [Park, et al., 2004] and TiO2 [Kim, et al., 2002] films and the origin of
ferromagnetism in such DMSs has been attributed to the formation of Co nanoclusters.
In this Chapter, we study the underlying mechanism of doping ZnO nanocrystals
synthesized through colloidal methods with the TM elements Mn, Co, and Ni. Using
first-principles density functional theory (DFT) calculations, we compute energies for
adsorption and segregation of various dopants on ZnO nanocrystal surface facets. Our
calculations are consistent with reported experimental measurements and lead to a
proposal for a TM doping mechanism of ZnO nanocrystals and a fundamental
understanding of surface segregation effects on the doping efficiency.
Our DFT calculations were carried out within the generalized gradient
approximation (GGA) using the projector-augmented-wave (PAW) method and
employing slab supercells and plane-wave basis sets as implemented in the VASP code
[Kresse and Furthmuller, 1996]. Typically, colloidal nanocrystals have diameters d ~ 5
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nm and polyhedral shapes with well-defined facets [Murray, et al., 2000; Norris, et al.,
2001; Schwartz, et al., 2003; Norberg, et al., 2004; Erwin, et al., 2005]; the equilibrium
crystal shape [Moll, et al., 1996; Pehlke, et al., 1997] of ZnO nanocrystals consists of
_

_

_

low-Miller-index surfaces [(0001), (000 1), (10 10), and (11 2 0)] only. The large size of
the nanocrystals allows us to study each surface facet using slab supercell models of bulk
ZnO surfaces. Further details of our DFT calculational methodology are provided in the
Chapter 2.
Colloidal nanocrystals are typically synthesized at temperatures ranging from RT
to 350°C [Murray, et al., 2000; Norris, et al., 2001; Schwartz, et al., 2003; Norberg, et al.,
2004; Erwin, et al., 2005]. Figure 3.1 gives a schematic representation of a possible
mechanism for doping nanocrystals with wurtzite lattice structure. A criterion for
successful nanocrystal doping at low temperatures is the chemisorption of dopants onto
the nanocrystal surface, i.e., the possibility for an approaching dopant atom from the
solution to find an adsorption site at the nanocrystal surface with a high binding energy
(through either direct adsorption or dissociative adsorption from a surfactant-dopant
complex [Du, et al., 2008]); in such a case, the dopant atom is trapped into the crystal as
its growth proceeds with the arrival of additional precursors. This was proposed by Erwin

et al. [Erwin, et al., 2005] in the investigation of Mn doping in ZnSe and other zincblende-structure nanocrystals. In the absence of lattice imperfections, adsorption onto the
nanocrystal surface implies that the TM dopant atom will eventually occupy an interstitial
site within the nanocrystal. However, recent experimental reports based on X- and Qband EPR spectra confirm that Mn, [Norberg, et al., 2004] Co, and Ni [Radovanovic, et
al., 2002; Schwartz, et al., 2003] dopants are incorporated within nanocrystals
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substitutionally (in the lattice positions of the group-II element). A plausible scenario for
such substitutional incorporation of dopants involves a stable surface structure of a facet
that contains a population of surface vacancies, thereby providing the dopant atoms with
viable sites (the vacant lattice sites) for substitutional incorporation.
Dopant
atom
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Figure 3.1: Schematic representation of the proposed doping mechanism in ZnO
nanocrystals. (a) Wurtzite-structure ZnO nanocrystal depicting its four low-Miller_

_

_

index surface facets [(0001), (000 1 ), (10 1 0), and (11 2 0)] before dopant adsorption.
The surface structures of the basal planes are Zn-vacancy and O-vacancy instead of
the polar bulk-terminated surfaces. (b, c) Top views of atomic configurations of the
_

(b) (0001) Zn-vacancy and (c) (000 1 ) O-vacancy surfaces. Red and silver spheres
denote O and Zn atoms, respectively. A (2×2) surface unit cell is shown in dashed
lines; the length of each side of the cell is 2a. On both surfaces, numbers 1-9 mark
the various dopant locations prior to geometry optimization. The Zn-vacancy and
O-vacancy sites are labeled “8” and circled in (b) and (c), respectively. (d) Wurtzitestructure ZnO nanocrystal after dopant adsorption onto the surface vacancy sites,
which leads to substitutional incorporation of dopants into the crystal.
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_

Our DFT calculations for various low-Miller-index surfaces [(0001), (000 1),
_

_

(10 1 0), and (11 2 0)] of ZnO reveal that the structure of the surface with the lowest
surface energy is strongly dependent upon the chemical potential, µ , of the anion/cation
precursor species; µ correlates directly with the concentration of the precursor species
and affects the reconstructions that the nanocrystal surface may undergo. Specifically, on
the ZnO(0001) surface in the anion-rich regime, the Zn-vacancy surface [Fig. 3.1(b)] has
a lower surface energy (19.2 meV/Å2) compared to the bulk-terminated surface (70.9
_

meV/Å2). Similarly, on the ZnO(000 1) surface in the same regime, the O-vacancy
surface [Fig. 3.1(c)] has a lower surface energy (222.6 meV/Å2) compared to the bulkterminated surface (703.1 meV/Å2). The surface energy for each of the reconstructions
was calculated using a (2×2) surface unit cell having one Zn and one O vacancy in the
supercell shown in dashed gray lines in Fig. 3.1(b) and (c), respectively.
In addition, we computed the formation energies for an isolated Zn vacancy and
an isolated O vacancy in the bulk ZnO lattice and compared these values with the
_

formation energies of the Zn vacancy and the O vacancy on the ZnO(0001) and (000 1)
surfaces, respectively.

The formation energies, Ef of the surface vacancies were

calculated for the two thermodynamic limits of the Zn and O chemical potential values
and they are listed in Table 3.1. Using our DFT methodology, a (2×2×2) supercell
provided sufficient precision for the calculation of the vacancy formation energies in bulk
ZnO (also listed in Table 3.1), consistent with formation energy values reported in the
literature [Kohan, et al., 2000]. The formation energies of the surface vacancies were
computed using a (2×2) supercell.
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Table 3.1: Computed vacancy formation energy, Ef, values for the Zn vacancy and
_

the O vacancy in the bulk ZnO lattice, the ZnO(0001) surface, and the ZnO(000 1 )
surface. The values are reported in the limits of the oxygen chemical potential, µO,
ranging from an isolated oxygen atom to an oxygen dimer molecule.
_

Formation
Energy (eV)
Zn-vacancy
O-vacancy

Bulk ZnO,

(0001) Surface,

(000 1 ) Surface,

Eq. (2.10)

Eq. (2.10)

Eq. (2.10)

µO = µO

2

µO = µO

vac

µ Zn = µ Zn ,bulk

µ Zn = µ Zn

vac

µO = µO

2

µO = µO

vac

2.43

6.62

-0.22

0.89

-

-

4.06

8.79

-

-

0.98

5.71

The results of Table 3.1 imply that the formation energy of the Zn vacancy on the
_

(0001) surface [Ef = -0.22 eV] is lower than that of the O vacancy on the (000 1) surface

[Ef = 0.98 eV] at the bulk values of the chemical potentials for Zn and O, respectively. In
addition, it is evident that the vacancy formation energies in the bulk ZnO lattice for the
Zn vacancy [Ef = 2.43 eV] and for the O vacancy [Ef = 4.06 eV] are higher (by 2.6-3 eV)
than the corresponding surface vacancy formation energies on the basal surfaces of the
ZnO crystal indicating that vacancies are easier to form on the basal surfaces than in the
bulk of the ZnO crystal.. It is also worth pointing out that, under certain conditions, the
formation of surface Zn vacancies on ZnO(0001) is spontaneous. The comparison of the
formation energy, Ef, of the Zn vacancy on the (0001) surface with that of the O vacancy
_

on the (000 1) surface suggests that the concentration of Zn vacancies on the basal
surfaces of the ZnO crystal is higher than that of O vacancies, a result that also is
confirmed by the lower value of the surface energy of the Zn-vacancy (0001) surface.
The presence of vacancies in the nanocrystal surface is supported by the fact that the
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Zn/O-vacancy surfaces satisfy the electron counting rule [Pashley, 1989] and that Zn and
O vacancies are very common defects in bulk ZnO crystals.

3.2 Dopant Binding Energy Calculations on ZnO Surface Facets
To test this doping mechanism hypothesis, we performed binding energy
calculations for Mn, Co, and Ni adsorption onto various sites of all four low-Miller-index
ZnO surfaces and is described below.

3.2.1 (0001) Surface
For the bulk-terminated and Zn-vacancy surfaces, we used a ZnO(0001) (2×2)
supercell [shown with dashed lines in Fig. 3.1(b)]. The bulk-terminated ZnO(0001)-Zn
surface is a polar surface that does not satisfy the electron counting rule. In the wurtzite
lattice of the bulk structure, each Zn and O atom contributes 0.5 and 1.5 electrons,
respectively, to a Zn-O bond. On the bulk-terminated ZnO(0001)-Zn surface, each Zn
atom forms 3 bonds with O atoms leaving a net charge of 0.5 electrons on the surface per
(1×1) surface cell and 0.5 × 4 = 2 electrons on the surface per (2×2) surface cell. As a
result, a Zn/O surface vacancy per (2×2) surface cell satisfies the electron counting rule,
leaving no net charge or dangling bonds on the surface. Although experiments on
nanocrystal surface characterization toward justification of the above surface structures
are scarce and difficult, the presence of Zn vacancies on the nanocrystal surface is
plausible. This is due to the satisfaction of the electron counting rule and is supported by
the fact that Zn vacancies are the most common point defects in bulk crystals or thin
films of ZnO [Kohan, et al., 2000; Ozgur, et al., 2005]. Contrary to what is done in
analyses of other compound semiconductor surfaces [Park and Chadi, 1994; Moll, et al.,
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1996], the ionic nature of the ZnO system precludes the consideration of other surface
reconstructions. To optimize computational efficiency and accuracy, we used supercells
consisting of six Zn and O double layers that contain 24 Zn and 24 O atoms and are
terminated by 4 H atoms at the bottom (base) of the supercell [Meyer and Marx, 2003].
To avoid any interaction or charge transfer between two neighboring slabs (periodic
images), we used a vacuum layer of thickness ~ 22 Å in the direction perpendicular to the
reconstructed {0001} surfaces.
bulk
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Figure 3.2: Binding energy, Eb, for Mn, Co, and Ni dopant adsorption onto four lowMiller-index surfaces of ZnO crystals. The six columns show the Eb results for six
surface structures,
namely, bulk-terminated
(0001)-Zn, (0001) Zn-vacancy,
bulk_
_
_
terminated (000
1 )-O, (000 1 ) O-vacancy, bulk-terminated (10 1 0), and bulk_
terminated (11 2 0) surfaces. In each column, the bar graph compares the computed
binding energies for the three different dopant atoms. For each surface structure,
binding energies were computed at various high-symmetry surface sites and the
highest binding energy is reported. All of the results are for x = 1 in a supercell with
a 2a×2a surface cell.
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On the bulk-terminated (0001)-Zn (2×2) surface, there are 4 high-symmetry
adsorption sites, labeled 1, 2, 3, and 4 in Fig. 3.1(b). For the Mn dopant atom, Eb = 2.23
eV and 2.27 eV for adsorption onto sites 1 and 2 and onto site 4, respectively. Structural
relaxation brings the Mn dopant that was placed initially at site 3 onto site 2, while 1, 2,
and 4 are all stable binding sites. Therefore, on the bulk-terminated (0001)-Zn (2×2)
surface, the most stable Mn adsorption site is site “4” [Fig. 3.1(b)] with Eb = 2.27 eV. Eb
increases as the adsorbed dopant atom onto the bulk-terminated (0001)-Zn surface
changes from Mn to Co to Ni [Fig. 3.2] due to the corresponding increase in the bonding
strength between the surface Zn atoms and the adsorbed dopant atoms.

(b)

(a)

(c)
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2.45

2.50

Zn

Zn
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2.45
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Figure 3.3: Valence electron density (VED) distributions in the plane of two surface
Zn atoms and adsorbed (a) Mn, (b) Co, (c) Ni dopant atom on bulk-terminated ZnO
(0001)-Zn surface. The top and bottom VED maps are drawn for each dopant atom
with and without contour lines. The VED increases as the color changes from red
(zero VED) to blue. The numbers shown give the indicated interatomic distances
(bond lengths) in Å.
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To elucidate the increase in Eb as the adsorbed dopant onto the bulk-terminated
ZnO(0001)-Zn surface changes from Mn to Co to Ni and understand the underlying
electronic origin of this behavior, we have plotted in Fig. 3.3 the corresponding valence
electron density (VED) distributions in the vicinity of the adsorbed dopant atom (Mn, Co,
and Ni). From the VED maps of Fig. 3.3, it is evident that the bonding strength between
the dopant atoms and the surface Zn atoms increases from Mn to Co to Ni, which
explains the corresponding increase in binding energy.
On the (0001) Zn-vacancy surface, there are six high-symmetry adsorption sites
labeled 4, 5, 6, 7, 8, and 9. Eb = 1.04 and 3.58 eV for Mn adsorption onto sites 4 and 5,
respectively, while Eb = 3.63 eV for Mn adsorption onto all four sites 6, 7, 8, and 9; this
is due to structural relaxation starting with the Mn dopant placed at each one of the above
four sites that brings the dopant atom to site “8” [circled site in Fig. 3.1(a)], which is the
Zn-vacancy site. Hence, on the (0001) Zn-vacancy surface, the most stable Mn
adsorption site is site “8”, which is the Zn-vacancy site, with Eb = 3.63 eV. Therefore,
the binding energies for Mn are higher for adsorption onto the Zn-vacancy surface than
onto the bulk-terminated surface and the vacancy site is energetically favorable for Mn
dopant adsorption [Fig. 3.2]. The results are completely analogous for the Co and Ni
dopants [Fig. 3.2], except that the binding energy for Ni is higher for adsorption onto the
bulk-terminated surface than onto the Zn-vacancy surface; however, the above
conclusion for dopant adsorption onto the vacancy site is valid for all three TM dopants
given the lower surface energy of the ZnO(0001) Zn-vacancy surface.
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_

3.2.2 (000 1 ) Surface
Similar to the ZnO(0001) surface, we performed binding energy calculations for
_

_

Mn, Co, and Ni onto the O-terminated (000 1)-O (2×2) and (000 1) O-vacancy surface

[Fig. 3.2]. The corresponding various high-symmetry adsorption sites, 1-9, are shown in
Fig. 3.1(c). For Mn, Eb = 6.39, 6.39, 3.75, and 6.39 eV for adsorption onto sites 1, 2, 3,
and 4, respectively.

Specifically, structural relaxation after initial placement of the

dopant atom at each of the sites 1, 2, and 4 on the O-terminated (2×2) surface brings the
dopant to site “2”; this site is characterized by the highest binding energy for all the three
_

dopants examined. Therefore, on the O-terminated (000 1)-O (2×2) surface, the most
stable Mn adsorption site is site “2” [Fig. 3.1(c)] with with Eb = 6.39 eV. The binding
_

energy values for dopant adsorption onto the bulk-terminated (000 1)-O surface are
significantly higher than those on the (0001)-Zn surface due to the formation of stronger
bonds between transition-metal dopant atoms and the surface oxygen atoms.
Furthermore, Eb decreases as the adsorbed atom onto the bulk-terminated
_

ZnO(000 1)-O surface changes from Mn to Co to Ni. To understand the underlying
electronic origin of this behavior on this surface, we have plotted in Fig. 3.4 the
corresponding VED maps in the vicinity of the adsorbed dopant atom (Mn, Co, and Ni).
The VED maps of Fig. 3.4 suggest that Co has the highest bonding strength with the
surface oxygen atoms followed by that of Ni and Mn (in this order); however, the binding
energy values for TM dopant adsorption onto this surface decrease from Mn to Co to Ni.
This highlights a complex bonding behavior between transition-metal atoms and surface
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oxygen atoms; this behavior is attributed to the unique nature of the outer d-electrons in
the transition-metal atoms and its detailed analysis is beyond the scope of our thesis.
Nevertheless, we point out here that transition-metal oxides are known to exhibit such
rich and complex bonding behavior; as a result, they may display metallic, insulating, and
superconducting properties as the composition, temperature, or pressure are varied [Rao,
1989].
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Figure 3.4: Valence electron density (VED) distributions in the plane of two surface
Zn atoms and the adsorbed (a) Mn, (b) Co, and (c) Ni dopant atom onto the bulk_

terminated ZnO(000 1 )-O surface. In each case, the top and bottom VED maps are
drawn with and without showing the iso-VED contour lines. The VED increases as
the color changes from red (zero VED) to blue. The numbers shown give the
indicated interatomic distances (bond lengths) in Å.

_

On the (000 1) O-vacancy surface, however, instead of the vacancy site, the H site

labeled “6” is the most stable TM dopant adsorption site: when the dopant atom is placed
at sites 5, 6, and 7 [Fig. 3.1(c)], it moves to (or stays at) site 6 upon structural relaxation.
For Mn, Eb = 3.65, 1.69, and 3.55 eV for adsorption onto sites 6, 8, and 9, respectively.
_

The response is completely analogous for adsorption of Co and Ni onto these (000 1)
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surfaces with binding energies as reported in Fig. 3.2. On each of the surfaces examined,
dopant adsorption on all the stable binding sites does not involve any bond breaking
event. The reason for the reduction in binding energy for TM-dopant adsorption onto the
_

(000 1) O-vacancy surface compared to that for adsorption onto the bulk-terminated
_

(000 1)-O surface is purely structural; its electronic origin is the corresponding strength of
the TM-O bonds with surface O atoms in both surfaces. In general, as reported in Fig.
3.2, for all the three dopants examined, the binding energies for their adsorption onto
_

vacancy sites on the (0001) and (000 1 ) basal surfaces are greater than those for their

adsorption onto the side surfaces. All of these results imply that during ZnO nanocrystal
growth, adsorption of a dopant atom onto the anion/cation vacancy site of the basal
planes leads to its substitutional incorporation into the nanocrystal.

_

_

3.2.3 (10 1 0) and (11 2 0) surfaces
_

_

Unlike the basal planes of the ZnO crystals, the (10 1 0) and (11 2 0) surfaces
_

_

shown in Fig. 3.5 are non-polar surfaces. The (10 10) and (11 2 0) surface layers consist
of ZnO dimers on the surface that can be seen in Figs. 3.5(a) and 3.5(b) as dimer rows
_

_

along [000 1 ]. In our computations, the ZnO(10 1 0) supercell consisted of a seven-layer-

thick slab containing a total of 16 Zn and 16 O atoms and a vacuum layer of thickness
~14 Å between the two adjacent slabs in the direction perpendicular to the surface. The
lateral dimensions of the supercell were 2a = 6.56 Å and c = 5.28 Å. The atoms of the
bottom layer were fixed at their lattice positions and passivated with H atoms. All the
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other atoms in the supercell were structurally relaxed with the dopants adsorbed onto the
various surface sites as marked in Fig. 3.5. We calculated [according to Eq. (2.x)] the
binding energies for adsorption of all the dopants onto the various surface sites, labeled 1,
_

2, and 3 in Fig. 3.5(a). For any dopant initial location at the (10 1 0) surface, structural
relaxation minimizes the total energy by bringing the dopant atom to a surface site
equidistant between sites 1 and 2; for Mn, the binding energy is 2.43 eV, as reported in
Fig. 3.2. The binding energies for Co and Ni adsorption were calculated similarly.
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Figure 3.5: Top views of atomic configurations of the bulk-terminated ZnO (a)
_

_

(10 1 0) and (b) (11 2 0) surfaces. Red and silver spheres represent O and Zn atoms,
respectively. For both surfaces, numbers 1-3 denote the initial location of the dopant
atom prior to geometry optimization (structural relaxation).

_

In an analogous manner, for the (11 2 0) surface, we also used a seven-layer-thick
slab supercell with a vacuum layer of thickness ~14 Å between adjacent slabs in the
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direction perpendicular to the surface. The lateral dimensions of the supercell were √3a
= 5.68 Å and c = 5.28 Å. For Mn, the computed binding energies are 1.99, 1.99, and 2.16
eV for adsorption onto the various high-symmetry sites, labeled 1, 2, and 3, respectively,
in Fig. 3.5 (b); sites 1 and 2 are equivalent. The highest binding energy that is reported
in Fig. 3.2 is for adsorption onto site 3. The binding energies for Co and Ni adsorption
were computed similarly; the values reported in Fig. 3.2 are for adsorption onto site 3 of
this surface.

3.3 Dopant Binding Energy Dependence on Dopant Surface Concentration
Furthermore, we calculated the dependence of the dopant binding energy on the
dopant surface concentration for the various dopants studied using a 4a×4a surface cell in
the ZnO slab supercell. The dependence of the dopant binding energy on dopant surface
concentration, Eb, for adsorption onto a certain surface site was computed by varying the
number of dopants adsorbed onto the surface in a slab supercell with a sufficiently large
surface area; specifically, we used a 4a×4a surface cell in the ZnO slab supercell used to
model the ZnO basal surfaces. For the bulk-terminated ZnO(0001)-Zn surface, the most
stable binding site for adsorption of a Mn atom onto the surface is site 4 in Fig. 3.1(b).
Increasing the surface cell size from (2×2) to (4×4) increases the total surface area of the
supercell and the equivalent number of sites labeled “4” in the supercell by a factor of 4.
For the nanocrystal surface facets, the dopant surface concentration is expressed in terms
of x; Cd = x/A, where Cd is the surface number density of dopant atoms and A is the
_

surface area of the supercell used [A = 4√3a2 for the (0001) and (000 1) surfaces, A = 4ac
_

_

for the (10 1 0) surface, and A = 4√3ac for the (11 2 0) surface]. For the (4×4) supercell,
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out of the 4 available surface binding sites labeled “4”, there can be 1 (x = 0.25), 2 (x =
0.5), 3 (x = 0.75), and 4 (x = 1) Mn atoms adsorbed onto the surface at these strongest
binding sites in the supercell to give the Eb(x) dependence that has been reported in Fig.
3.6 for Mn adsorption onto ZnO surfaces. Figure 3.6 shows Eb as a function of the dopant
surface concentration in terms of x.
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Figure 3.6: Eb as a function of dopant concentration, x. Eb(x) results for Mn are
_

shown for the (0001)-Zn-terminated, (0001) Zn-vacancy, and (000 1 )-O-terminated
surfaces, while Eb(x) results for Mn, Co, and Ni are compared for the (0001)-Znterminated surface.

In all cases, Fig. 3.6 shows that Eb increases with increasing x until it reaches a
plateau at high dopant surface concentration. The qualitative trend of Eb(x) is independent
of the identity of the dopant atom or the surface structure of the nanocrystals. This “low
Eb at low x” provides an explanation for doping difficulties at low dopant concentrations.
This trend is consistent with that in the doping of zinc-blende-structure nanocrystals
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[Singh, et al., 2008]. Our Eb(x) predictions also imply that the doping efficiency of
semiconductor nanocrystals is affected significantly by the chemical potentials of the
growth precursor species, which determine the surface structure and morphology of the
nanocrystals.

3.4 Segregation energy profiles for the surfaces of the ZnO crystal
Although the surface kinetic growth model proposed above explains the
adsorption and subsequent substitutional incorporation of dopants, it does not explain the
significant dopant surface segregation that has been observed in colloidal nanocrystals.
Norberg et al. [Norberg, et al., 2004] reported that colloidal synthesis of Mn-doped ZnO
quantum dots (QDs) results in the presence of surface bound dopants (amounting up to
45% of the dopant atoms brought to the crystal). Treatment of these synthesized QDs
with an organic solvent removes the surface segregated dopants and leads to the
formation of stable dispersed doped QDs. Surface segregation of dopants also was
observed in the doping of other wurtzite-structure nanocrystals [Radovanovic, et al.,
2002; Schwartz, et al., 2003], e.g., during the synthesis of Mn-doped CdSe [Mikulec, et
al., 2000], where most of the Mn was found to be present on the surface and the doped
nanocrystals lost their paramagnetic states after treatment with pyridine. For colloidal
ZnO nanocrystals, if surface segregation of TM dopants were significant, it would lower
substantially the TM doping efficiency of the nanocrystals.
To explain these experimental observations and investigate the role of
thermodynamics in the doping process, we computed the tendencies for segregation of
Mn, Co, and Ni dopants on ZnO surface facets from the corresponding dopant
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segregation energy profiles, Eseg(l), as detailed in the Chapter 2. The methodology used
to compute the dopant surface segregation energy profiles in Fig. 3.7 & 3.8 is presented
in Section 2.1.3.4. Here we present results explaining the tendencies of the three dopants
to segregate on the side surfaces of the ZnO crystal (see surface structures of Fig. 3.1 &
3.5).

As discussed in the Section 3.2, the vacancy sites enable viable sites for

substitutional incorporation of dopants into the ZnO nanocrystal through the basal
surfaces. These substitutionally incorporated dopants may segregate on the crystal
surfaces if the driving force for such surface segregation is high.

3.4.1 Segregation energy profiles for the basal surfaces of the ZnO crystal

Figure 3.7 depicts the surface segregation energy profiles for Mn, Co, and Ni
segregation on ZnO(0001). A significant increase in energy is evident when the dopant
atom is moved from the surface [l = 1 in Fig. 3.7(a)] to the inner layers of the slab [l = 2 –
4 in Fig. 3.7(a)]. We find that the segregation energy is highest for Ni followed by Co and
then by Mn. Such surface segregation tendencies generate a thermodynamic driving
force for dopant transport from the core to the surface of the nanocrystal, facilitating its
self-purification. The segregation tendencies for Mn, Co, and Ni depicted in Fig. 3.7(a)
(i.e., Ni > Co > Mn) are qualitatively similar with those for dopant segregation at the side
_

_

surfaces (10 10) and (11 2 0). However, the trend is reversed (i.e., Mn > Co > Ni in terms
_

of their surface segregation tendencies) for the O-terminated (000 1 ) surface, as shown in
Fig. 3.7(b); this is not surprising given the structural differences of the two basal surfaces
and the binding energies of Fig. 3.3.
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Figure 3.7: Segregation energy profiles, Eseg(l) for Mn (solid lines), Co (dashed
_

lines), and Ni (dotted lines) dopant segregation at (a) (0001) and (b) (000 1 ) ZnO
surfaces. The depth is given in terms of the number, l, of each atomic layer parallel
to the surface plane, with l = 1 corresponding to the surface layer and l increasing
from the surface toward the interior of the crystal. For each dopant, blue and red
lines are used to differentiate between segregation energy profiles at low and high
dopant concentrations, respectively.

3.4.2 Segregation energy profiles for the side surfaces of the ZnO crystal

Figures 3.8(a) and 3.8(b) show the tendencies for Mn (solid lines), Co (dashed
lines), and Ni (dotted lines) at low (blue lines) and high (red lines) concentrations to
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_

_

segregate on the (11 2 0) and (10 10) surface, respectively, in terms of the corresponding

dopant surface segregation energy profiles; Eseg(l)/l provides a metric for the
thermodynamic driving force for surface segregation. In Figs. 3.8(a) and 3.8(b), low and
high dopant concentrations are represented by x = 0.5 and x = 1, respectively.
Specifically, Fig. 3.8(a) compares the tendencies for all three dopants to segregate on the
_

(11 2 0) surface. We observe that these tendencies are qualitatively consistent with those
for dopant segregation at the basal (0001) surface [see Fig. 3.7(a)] with the segregation
_

energies being lower for dopant segregation on the (11 2 0) surface. Consistently with the
segregation response at the (0001) surface, the order of the tendencies for the three
_

_

dopants to segregate at the (11 2 0) surface is Ni > Co > Mn. For the (10 10) surface, the
trend for surface segregation of the Co and Ni dopants is similar to that exhibited for
segregation on the (0001) surface. However, for Mn dopants, our calculations indicate
that the subsurface site at l = 2 is the most stable for Zn substitution instead of the surface
site, l = 1; this is responsible for the interesting oscillatory segregation profile for Mn that
is depicted in Fig. 3.8(b). Surface segregation of dopants due to accelerated dopant
transport at high temperature (T ~ 600°C) during nanocrystal growth or annealing may
explain the loss of ferromagnetism in thin films of DMSs [Sharma, et al., 2003] or the
formation of Co-metal clusters on the surfaces of ZnO films [Park, et al., 2004].
Consequently, the dopants’ strong tendency for surface segregation inhibits their efficient
incorporation into the core/bulk region of nanocrystals at equilibrium and weakens the
thermodynamic stability of doped ZnO nanocrystals.
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Figure 3.8: Segregation energy profiles, Eseg(l), for Mn (solid lines), Co (dashed
_

_

lines), and Ni (dotted lines) dopant segregation on ZnO (a) (11 2 0) and (b) (10 1 0)
surfaces; the depth is given in terms of the number, l, of the crystal layer (parallel to
the surface), with l = 1 corresponding to the (first) surface layer and l increasing
from the surface to the inner layers of the crystal. For each dopant, blue and red
lines are used to differentiate between segregation energy profiles at low and high
dopant concentrations, respectively.
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Finally, we explain why bulk-terminated surface facets were used to calculate the
segregation energy profiles of Fig. 3.7 & 3.8 even though vacancy-terminated surfaces
have the lowest surface energies in the anion-rich regime. Upon dopant adsorption onto
the vacancy site, the surface essentially assumes the bulk-terminated surface structure.
Also, the segregation energy is calculated as the energy difference between states
consisting of Zn atoms substituted by TM dopant atoms in inner layers and in the surface
layer; thus, the segregation energy profiles should remain unaltered irrespective of the
basal surface termination.

3.5 Summary and Conclusions
In conclusion, we have proposed a mechanism for substitutional incorporation of
TM dopants into ZnO nanocrystals. We have shown that both surface kinetics (dopant
adsorption onto the nanocrystal surface) and thermodynamics (dopant surface
segregation) affect doping efficiencies in ZnO nanocrystals, while the chemical potentials
of the precursor species determine the stable surface structure of the nanocrystals.
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CHAPTER 4
4. TRANSITION-METAL
DOPING OF SMALL
CADMIUM
SELENIDE
TRANSITION-METAL
DOPING
OF
CLUSTERS
SMALL CADMIUM
SELENIDE CLUSTERS

4.1 Introduction
Diluted magnetic semiconductors (DMSs) are II-VI or III-V compound
semiconductors doped with transition-metal (TM) elements [Furdyna, et al., 1988; Ohno,
1998]. DMSs have interesting magneto-optical and magneto-electronic properties giving
rise to the phenomenon called “giant-Zeeman splitting”. This is due to the exchange
interactions of the sp band of electrons in the host semiconductor lattice with that of the d
electrons of the TM dopant atom.

These interesting properties have led to the

investigation of DMSs for potential applications in spintronics [Wolf, et al., 2001]. One
way to achieve the formation of DMSs is through doping of semiconductor nanocrystals,
a primary means of controlling their optical and electronic properties [Norris, et al.,
2008].

Several doped semiconductor nanocrystals have been grown using colloidal

synthesis techniques [Hines and Guyot-Sionnest, 1998; Murray, et al., 2000]. These
include nanocrystals with both wurtzite (ZnO and CdSe) [Radovanovic, et al., 2002;
Schwartz, et al., 2003; Norberg, et al., 2004] and zinc-blende (ZnSe and ZnS) [Norris, et
al., 2001; Suyver, et al., 2001; Erwin, et al., Pradhan, et al., 2005] lattice structures.
The most common colloidal synthesis technique, also called the “hot-injection”
method, was first used in the synthesis of undoped CdSe nanocrystals [Murray, et al.,
1993]. As a result, quantum dots of CdSe are among the most widely studied compound
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semiconductor nanocrystals. Since the original synthesis of colloidal semiconductor
nanocrystals, it has been possible to achieve precise control over the size, shape, and
chemical composition of CdSe QDs [Yin and Alivisatos, 2005]. Nevertheless, in spite of
the substantial recent progress in the doping of nanocrystals, doping of colloidal CdSe
nanocrystals, in particular, has proven to be extremely difficult. Such limitations in
synthetic procedures have hindered the ability to explore the electronic sp-d exchange
mechanism in doped QDs [Hanif, et al., 2002].

4.2 Background and Motivation
The “hot-injection” method does not yield satisfactory results in the doping of
CdSe nanocrystals and, in general, it leads to significant dopant surface segregation

[Mikulec, et al., 2000].

Even when incorporation of Mn in CdSe nanocrystals is

confirmed, the doping achieved is only ~0.14% [Erwin, et al., 2005].

This is an

extremely low level compared to the solubility of Mn in the bulk CdSe lattice, which has
been reported to be as high as 50% [Furdyna, 1988]. As a result, several alternate
methods have been investigated for the doping of CdSe nanocrystals. Typically, these
methods involve trapping of the surface bound dopants [Archer, et al., 2007a; Kwak, et
al., 2007]. In one such procedure, doped CdSe is synthesized first yielding a large
amount of dopants on the surface due to dopant surface segregation. A shell of another
material (e.g., CdS) is then deposited over the synthesized core CdSe nanocrystals that
“traps” the surface bound dopants [Archer, et al., 2007a]. The resulting nanostructures are
doped core/shell-type heterostructures. Variations of these core/shell heterostructures are
the so-called isocrystalline core-shell nanostructures [Kwak, et al., 2007].
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In these

nanostructures, the dopants are trapped by overcoating (shell) with the same material as
that of the core nanocrystal. In another synthesis process, doped CdSe with a zinc-blende
lattice structure has been prepared [Erwin, et al., 2005]. Typically, this involves the
growth of a ZnSe core with a zinc-blende lattice structure followed by the growth of a
CdSe shell with the simultaneous addition of dopant precursor. In CdSe/ZnSe
heterostructures, CdSe is forced to grow on a nanocrystal with zinc-blende lattice
structure. Therefore, the grown CdSe acquire the zinc-blende structure which leads to a
high binding energy for dopant adsorption on individual surface facets, as opposed to its
wurtzite-structure counterpart [Erwin, et al., 2005].
Another synthetic approach that has been quite successful in the synthesis of
doped wurtzite-strucure CdSe nanocrystals is the “cluster-thermolysis” approach.
Following this approach, several doped CdSe nanocrystals have been synthesized,
including Co-doped CdSe [Hanif, et al., 2002], Mn-doped CdSe [Beaulac, et al., 2007,
2008],

and

Mn/Co-doped

core-shell-type

CdSe/CdS

[Archer,

et

al.,

2007b]

nanostructures. As discussed in Sec. 2.3.3, the cluster-thermolysis method involves
addition

of

Se

powder

and

polynuclear

transition-metal

clusters,

such

as

(Me4N)4[Cd10Se4(SPh)16] to TMCl2 [TM = Co or Mn] and hexadecylamine (surfactant),
which undergo thermolysis to yield doped nanocrystals. The addition of the Se powder is
necessary to yield doped CdSe nanocrystals, suggesting that the generated anion-rich
chemical environment is favorable for doping. This method yields high-quality doped
CdSe nanocrystals with high photoluminescence quantum yields, and sizes ranging from
2 to 10 nm [Archer, 2007a, 2007b; Beaulac, et al., 2008].
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Yu et al. also synthesized Mn-doped CdSe nanoribbons using a nucleationcontrolled doping process, which is similar to cluster thermolysis [Yu, et al., 2009].
Using this method, Mn could be incorporated into the CdSe nanoribbons at
concentrations up to ~10%. The success of the cluster thermolysis and the nucleationcontrolled doping processes over the hot-injection method in the synthesis of Mn-doped
CdSe motivates the fundamental study of these processeses for improving the doping
efficiency of CdSe nanostructures. These experimental studies suggest that doping of
CdSe is favored at the nucleation stage, i.e., when the semiconductor material is in the
form of small CdSe clusters (diameter d < 2 nm), than at later growth stages when the
CdSe has taken the form of larger nanocrystals (d ≥ 5 nm). Furthermore, it should be
mentioned that successful CdSe TM doping through cluster thermolysis is not dependent
upon the type of polynuclear transition-metal cluster used; several precursors have
yielded doped CdSe nanocrystals. Instead, it is the chemical nature, the wurtzite lattice
structure, and the small size of the CdSe crystals involved that result in the successful
synthesis of doped CdSe nanostructures through such a process. Regardless of the type
of precursor used, the material system is driven thermodynamically toward crystalline
CdSe with wurtzite lattice structure, unless the chemical environment in conjunction with
the experimental conditions (pressure and/or temperature) induces a structural transition.
One limitation of such approaches that utilize small clusters of the semiconductor
material is that they yield a wide range of nanocrystal size distributions.
Motivated by the experimental findings discussed above, in this Chapter, we
study the underlying mechanisms of transition-metal doping of CdSe nanocrystals. We
focus on the Mn doping of CdSe nanocrystals with a wurtzite lattice structure, the
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thermodynamic stable lattice structure of CdSe. We distinguish between two categories
of doping mechanisms in wurtzite-structure nanocrystals, namely, doping at the “growth”
stage and doping at the “cluster” stage. The first of these doping mechanisms operates in
ZnO nanocrystals, as discussed in Chapter 3. In this case, the dopant atoms adsorb
strongly onto the vacancy surfaces of the ZnO nanocrystals. The nanocrystals are fairly
large (d ~ 5 nm) with well-defined surface facets and the stability of the vacancy surfaces
facilitates the substitutional incorporation of the dopants into the nanocrystals. In this
Chapter, we study the doping mechanism at the cluster stage and elucidate the
effectiveness of doping wurtzite-structure CdSe nanocrystals through this mechanism.
Using first-principles density functional theory (DFT) calculations, we have carried out a
systematic analysis of dopant adsorption onto various sites of several CdSe clusters that
have diameters ranging from 1 to 1.5 nm. We also have computed surface segregation
_

_

energy profiles of Mn dopant on low-Miller-index surfaces [(0001), (000 1), (10 10),
_

(11 2 0)] of CdSe crystals. In addition, we have calculated the formation energy of the
Mn impurity for both wurtzite-structure crystals (CdSe and ZnO) and zinc-blendestructure crystals (ZnSe and CdSe), and used it to determine the thermodynamic stability
of the respective Mn-doped nanocrystals. Our theoretical findings are consistent with
reported experimental measurements and lead to a fundamental understanding of TM
doping in CdSe nanocrystals and of surface segregation effects on the doping efficiency.

4.3 Computational Methods
Our DFT calculations were carried out within the generalized gradient
approximation (GGA) [Perdew, et al., 1996] using the projector-augmented-wave (PAW)
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method and employing slab supercells and plane-wave basis sets [Payne, et al., 1992] as
implemented in the VASP code [Kresse and Furthmuller, 1996]. The detailed description
of our first-principles DFT calculational methodology has been given in Chapter 2,
including surface energy calculations and segregation energy profiles for the segregation
of transition-metal (TM) dopants on nanocrystal surfaces.

In this Section, we also

emphasize on the computation of the formation energies of dopant interstitial defects in
the wurtzite lattice, the construction of various small-size CdSe clusters that are
considered as nuclei for the growth of CdSe nanocrystals, and the determination of the
binding energies for Mn dopant adsorption onto various sites of these CdSe clusters.

4.3.1 Calculation of Formation Energies of Dopant Interstitial Defects
The formation energy, Ef, for a dopant impurity atom at an interstitial site in the
bulk CdSe crystalline lattice is defined as
E f = Etot − (E pristine + µ d ),

(4.1)

where Etot is the total energy of the bulk CdSe crystal with the dopant atom placed at an
interstitial site of the wurtzite lattice, Epristine is the total energy of the pure CdSe crystal
without the dopant atom, and µd is the chemical potential of an isolated dopant atom. In
the wurtzite lattice, we examined the stability of the three interstitial impurity
configurations with the dopant atom at the H site (hexagonal site), the T site (tetrahedral
site), and the bond center of the Cd-Se bond. Table 4.1 lists the formation energies of
these three interstitial configurations and compares the results between bulk CdSe and
ZnO wurtzite-structure crystals.
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Table 4.1: Computed formation energy, Ef, values for the Mn dopant impurity at
various interstitial sites in the bulk CdSe and ZnO wurtzite-structure crystals.
Interstitial Sites

Ef (eV) in bulk CdSe,

Ef(eV) in bulk ZnO,

Eq. (4.1)

Eq. (4.1)

H site
T site

-1.75
-1.93

1.64
-0.48

Bond Center

1.64

Unstable

The results of Table 4.1 imply that the T site is the most stable Mn interstitial site
in the CdSe and ZnO bulk crystals. The bond-center configuration is highly unstable as
compared to that with the dopant at the T site and the H site of the bulk CdSe crystal
lattice. This is not surprising, considering the large covalent radius (~1.39 Å) of Mn that
is comparable to half of the bond length in CdSe (1.34 Å). In the ZnO crystal, half of the
bond length is only 1.0 Å and the Mn bond-center impurity configuration is highly
unstable due to large steric repulsions. When a Mn atom is introduced in the ZnO lattice,
it generates a very high lattice strain; this results in breaking of Zn-O bonds in the
vicinity of the dopant atom, as shown upon DFT-based electronic and structural
optimization. Therefore, we conclude that the T site and the H site are stable Mn
interstitial impurity sites in the bulk CdSe lattice and that their stability is significantly
higher than that of the corresponding interstitial impurities in the lattice of the bulk ZnO
crystal.

4.3.2 Construction of Small CdSe Clusters
In this Section, we describe the geometrical approach used to construct several
small CdSe clusters, which represent nuclei for the growth of nanocrystals with wurtzite
and zinc-blende lattice structures. Figure 4.1 shows various small CdSe clusters, with
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diameters ranging from 1 to 1.5 nm, which constitute nuclei for the growth of CdSe
nanocrystals with wurtzite lattice structure. The smallest seed unit that can be cleaved
from the bulk CdSe wurtzite lattice [Fig. 4.1(e)] with the minimum number of surface
dangling bonds is (CdSe)6 as shown in Fig. 4.1(a). This (CdSe)6 cluster has both Cd and
Se surface dangling bonds that are passivated with pseudohydrogen atoms. For each Cd
and Se surface dangling bond, the charge on the pseudohydrogen atom is qH = 1.5 e and
qH = 0.5 e, respectively [Manna, et al., 2005].

(b)

(a)
1.85

(c)

1.60

1.60

2.65
2.68
2.68

2.68

1.60
1.85

d ~ 1.20

1.85

d ~ 0.98
d ~ 1.11

(d)

(e)

1.60
2.69

2.68

1.85

d ~ 1.45

Bulk

Figure 4.1: Equilibrium atomic configurations of the (a) (CdSe)6 cluster, (b) (CdSe)9
cluster, (c) (CdSe)10 cluster, (d) (CdSe)13 cluster, and (e) bulk CdSe with wurtzite
lattice structure. Gold, light yellow, and white spheres denote Se, Cd, and H atoms,
respectively. The approximate diameter, d, for all the CdSe clusters is given in
nanometers. The numbers shown give the indicated interatomic distances (bond
lengths) in Å.

76

The next-in-size cluster with the minimum number of surface dangling bonds that
can be constructed from the CdSe wurtzite lattice is the (CdSe)9 cluster. The optimized
configuration of the (CdSe)9 cluster with H passivation is shown in Fig. 4.1(b). This
(CdSe)9 cluster is constructed from the (CdSe)6 cluster in a manner that mimics the
growth of the crystal in the axial (c-) crystallographic direction of the bulk crystal. In a
similar manner, the third-in-size (CdSe)10 cluster [Fig. 4.1(c)] is formed from the (CdSe)6
cluster when the crystal growth occurs in the radial direction. Finally, the largest-size
cluster in this category that we analyzed is the (CdSe)13 cluster [Fig. 4.1(d)], which is
formed from the (CdSe)10 cluster mimicking the crystal growth in the radial direction.
Using spectroscopic analysis, (CdSe)13 has been predicted to be an ultra-stable cluster
(magic-size cluster) configuration [Kasuya, et al., 2004]. In each of the clusters analyzed,
the Cd-Se, Se-H, and Cd-H bond lengths vary from 2.65 to 2.70 Å, from 1.59 to 1.61 Å,
and from 1.80 to 1.84 Å, respectively. In addition, for reference purposes, the bulk CdSe
wurtzite lattice is shown in Fig. 4.1(e). The range of diameters (1-1.5 nm) and size of
these clusters (12-26 atoms, excluding terminating H atoms), in conjunction with certain
comparisons made with bulk-crystal quantities, were sufficient to draw the conclusions of
our study.
Figure 4.2 shows various small CdSe clusters, with diameters ranging from 0.6 to
1.8 nm, that constitute nuclei for the growth of nanocrystals with zinc-blende lattice
structure.

In experiments, the most commonly used polynuclear transition-metal

precursors for the doping of CdSe nanocrystals are characterized by anions of the form
[Cd4Se10(SPh)16]4- or [Cd10Se4(SPh)16]4- [Hanif, et al., 2002; Archer, et al., 2007b;
Beaulac, et al., 2008]. Motivated by this, we also constructed the Cd4Se10 cluster [Fig.
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4.2(b)] from the CdSe zinc-blende lattice. In this cluster, all the surface Se atoms are
passivated with pseudohydrogen atoms with qH = 0.5 e.

(a)

(b)
2.69

2.69
1.59

2.68

1.59

d ~ 1.00

(d)

d ~ 0.62

(c)

2.68
2.67

1.59

1.60

2.68

d ~ 1.38

2.69

d ~ 1.79

Figure 4.2: Equilibrium atomic configurations of the (a) Cd1Se4 cluster, (b) Cd4Se10
cluster, (c) Cd10Se20 cluster, (d) Cd20Se35 cluster. Gold, light yellow, and white
spheres denote Se, Cd, and H atoms, respectively. The approximate diameter, d, for
all the CdSe clusters is given in nanometers. The numbers shown give the indicated
interatomic distances (bond lengths) in Å.
Figures 4.2(c) and 4.2(d) show the Cd10Se20 and Cd20Se35 clusters, which are
formed from the Cd4Se10 cluster by self-similar growth in every principal
crystallographic direction. The smallest seed unit for growing zinc-blende nanocrystals is
the Cd1Se4 cluster, which also is depicted in Fig. 4.2(a). This cluster also is the smallest
seed for growing nanocrystals with wurtzite lattices; however, we classify Cd1Se4 under
the zinc-blende category because of the unequal numbers of Cd and Se atoms in this
cluster. In all the CdSe clusters that constitute nuclei for growing crystals with zincblende lattice structure, there are exactly four Se atoms that are terminated with 3 H
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atoms each, while the remaining Se atoms are terminated with 2 H atoms each. In these
clusters, the Se-H and Cd-Se bond lengths vary from 1.58 to 1.60 Å and from 2.66 to
2.70 Å, respectively.

4.4 Results and Discussion
It has been predicted that surface kinetics plays a dominant role during the
synthesis of doped ZnSe, ZnS, and ZnO colloidal nanocrystals [Erwin, et al., 2005]. Over
the range of growth temperatures (from room temperature to 350°C), dopants adsorb onto
the nanocrystal surface with high binding energies (through either direct adsorption or
dissociative adsorption from a surfactant-dopant complex [Du, et al., 2008]); after its
adsorption, the dopant atom is trapped into the crystal as its growth proceeds with the
arrival of additional precursors. However, both experiments [Mikulec, et al., 2000] and
theory [Erwin, et al., 2005] suggest that CdSe nanocrystals resist the incorporation of
dopants through their facets.

Adsorption of transition-metal dopants onto the CdSe
_

crystal basal planes [(0001) and (000 1)] is characterized by low binding energies (see

Sec. 4.4.2), unlike that onto the basal planes of ZnO nanocrystals [Singh, et al., 2010a].
These binding energies for adsorption onto the basal planes are comparable to those for
_

_

adsorption onto the side surfaces [(10 10) and (11 2 0)] of CdSe.
The success of the cluster thermolysis approach in doping nanocrystals efficiently
[Hanif, et al., 2002; Archer, et al., 2007a, 2007b; Yu, et al., 2009] suggests that doping in
CdSe nanostructures occurs at the nucleation stage and that small CdSe clusters are
stabilized by the inclusion of dopants.

Motivated by these implications, we study
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systematically the effect of nanocrystal size on its doping efficiency. We show that Mn
adsorption onto small clusters of CdSe is characterized by high binding energies. The
mechanism of dopant incorporation into the CdSe lattice is then explored further by
studying the Mn surface segregation characteristics on CdSe nanocrystal surfaces. A
detailed presentation of the atomic and electronic structure of the various CdSe clusters in
their pristine state and in the presence of Mn dopants adsorbed onto them is given in Sec.
4.4.1. Results for the computed binding energies for Mn dopant adsorption onto the
CdSe clusters are reported and discussed in Sec. 4.4.2. The computed dopant segregation
energy profiles and dopant formation energies in clusters and bulk crystals are reported
and discussed in Secs. 4.4.3 and 4.4.4, respectively. Our findings reveal that dopant
atoms may be trapped (by being strongly bound) onto various sites of CdSe clusters
before overgrowth by additional precursors proceeds. Once trapped (i.e., incorporated)
into the crystal, the dopants have strong tendencies for surface segregation that drives
their migration in the axial direction toward the basal planes, where they are incorporated
through surface vacancies. Our findings propose a possible mechanism of doping CdSe
nanostructures on the basis of fundamental kinetics (dopant adsorption onto small clusters
and migration in nanocrystals) and thermodynamics (dopant equilibrium surface
segregation).

4.4.1 Mn-Doped CdSe Clusters
The equilibrium configurations of the pristine CdSe clusters that we examined as
nuclei for growing nanocrystals with wurtzite lattice structure were discussed in Sec.
4.2.2. These include the (CdSe)6, (CdSe)9, (CdSe)10, and (CdSe)13 clusters that range from
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1 to 1.5 nm in diameter.

In this Section, we present the DFT-optimized atomic

configurations and the respective valence electron density (VED) distributions for these
clusters both in their pristine state and after dopant adsorption onto them. Figures 4.3-4.6
show the equilibrium atomic configurations of the undoped and Mn-doped (CdSe)6 [Fig.
4.3], (CdSe)9 [Fig. 4.4], (CdSe)10 [Fig. 4.5], and (CdSe)13 [Fig. 4.6] clusters.

4.4.1.1 (CdSe)6 Cluster
Figures 4.3(a) and 4.3(b) show the equilibrium atomic configurations of the
_

(CdSe)6 cluster in its pristine state and after Mn adsorption onto its (000 1)-Se-terminated
and (0001)-Cd-terminated sides, respectively.

Side and top views of the optimized

atomic configuration of the (CdSe)6 cluster in its pristine state is shown in Figs. 4.3(a1)
and 4.3(a3), respectively. The (CdSe)6 cluster has multiple sites available for dopant
adsorption. Given the geometrical approach followed for the cluster construction, Sec.
4.2.2, the four most stable adsorption sites on the (CdSe)6 cluster correspond to the
_

_

_

equivalent binding sites on the low-Miller-index [(0001), (000 1), (10 10) and (11 2 0)]
_

surfaces of the bulk CdSe crystal. For example, on the bulk-terminated CdSe(000 1)

surface terminated with Se atoms, the most stable binding site is at the center of the
triangle formed by three surface Se atoms. As overgrowth proceeds, this site corresponds
to the H site in the bulk CdSe lattice. Similarly, side and top views of the optimized
configuration with one Mn atom adsorbed onto the most stable binding site (which
becomes upon further crystal growth the H site of the interstitial space of the bulk crystal
_

lattice) on the CdSe(000 1)-Se-terminated surface of the (CdSe)6 cluster is shown in Figs.
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4.3(a2) and 4.3(a4), respectively. The corresponding VED maps in Figs. 4.3(a5) and
4.3(a6) highlight the charge density distributions for the pristine cluster and the doped
cluster, in the vicinity of the Mn dopant atom after its adsorption onto the cluster,
respectively.
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Figure 4.3: Equilibrium atomic configurations showing side and top views of the
(CdSe)6 cluster in its pristine state and after Mn adsorption onto the cluster for the
(a) Se-terminated side and (b) Cd-terminated side. Gold, light yellow, white, and
purple spheres denote Se, Cd, H, and Mn atoms, respectively. The numbers shown
give the indicated interatomic distances (bond lengths) in Å. The panels depict (1)
the side and (3) the top view of the optimized configuration of the pristine (CdSe)6
cluster; (2) the side and (4) the top view of the optimized configuration of the
(CdSe)6 cluster with a Mn dopant atom adsorbed onto it; and the valence electron
density (VED) distribution for (5) the pristine cluster and (6) the doped cluster in
the vicinity of the dopant atom. In (5), the VED map is shown on the plane defined
by the two marked Se or Cd atoms and a third point that will become the
geometrical location of the dopant atom upon its adsorption onto the cluster. In (6),
the VED map is shown on the plane defined by the marked Se, Mn, and Se or Cd,
Mn, and Cd atoms labeled in each panel. In each VED map, the iso-VED contour
lines also are plotted.
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In a completely analogous manner, Figs. 4.3(b1) and 4.3(b3) show side and top
views of the optimized atomic configuration of the pristine (CdSe)6 cluster before Mn
_

dopant adsorption onto the CdSe(000 1)-Cd-terminated surface. It should be noted that

the structure in Figs. 4.3(a1) and 4.3(b1) is the same (CdSe)6 pristine cluster except that it
is rotated by 180° for aid in visualization.

Figures 4.3(b2) and 4.3(b4) depict the

optimized structures of the cluster with the dopant atom adsorbed onto the site that
corresponds to the most stable binding site on the CdSe(0001)-Cd-terminated surface.
The corresponding VED maps, shown in Figs. 4.3(b5) and 4.3(b6,) highlight the atomic
bonding strengths for the pristine cluster and for the doped cluster in the vicinity of the
adsorbed Mn dopant atom, respectively.

In Secs. 4.4.4.2-4.4.4.4 that follow, the

corresponding equilibrium atomic configurations are shown for the (CdSe)9, (CdSe)10,
and (CdSe)13 clusters both in their pristine state and after Mn adsorption onto them in a
manner similar to those of the (CdSe)6 cluster reported above.
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4.4.1.2 (CdSe)9 Cluster
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Figure 4.4: Equilibrium atomic configurations showing side and top views of the
(CdSe)9 cluster in its pristine state and after Mn adsorption onto the cluster for the
(a) Se-terminated side and (b) Cd-terminated side. Gold, light yellow, white, and
purple spheres denote Se, Cd, H, and Mn atoms, respectively. The numbers shown
give the indicated interatomic distances (bond lengths) in Å. The panels depict (1)
the side and (3) the top view of the optimized configuration of the pristine (CdSe)9
cluster; (2) the side and (4) the top view of the optimized configuration of the
(CdSe)9 cluster with a Mn dopant atom adsorbed onto it; and the valence electron
density (VED) distribution for (5) the pristine cluster and (6) the doped cluster in
the vicinity of the dopant atom. In (5), the VED map is shown on the plane defined
by the two marked Se or Cd atoms and a third point that will become the
geometrical location of the dopant atom upon its adsorption onto the cluster. In (6),
the VED map is shown on the plane defined by the marked Se, Mn, and Se or Cd,
Mn, and Cd atoms labeled in each panel. In each VED map, the iso-VED contour
lines also are plotted.
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4.4.1.3 (CdSe)10 Cluster
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Figure 4.5: Equilibrium atomic configurations showing side and top views of the
(CdSe)10 cluster in its pristine state and after Mn adsorption onto the cluster for the
(a) Se-terminated side and (b) Cd-terminated side. Gold, light yellow, white, and
purple spheres denote Se, Cd, H, and Mn atoms, respectively. The numbers shown
give the indicated interatomic distances (bond lengths) in Å. The panels depict (1)
the side and (3) the top view of the optimized configuration of the pristine (CdSe)10
cluster; (2) the side and (4) the top view of the optimized configuration of the
(CdSe)10 cluster with a Mn dopant atom adsorbed onto it; and the valence electron
density (VED) distribution for (5) the pristine cluster and (6) the doped cluster in
the vicinity of the dopant atom. In (5), the VED map is shown on the plane defined
by the two marked Se or Cd atoms and a third point that will become the
geometrical location of the dopant atom upon its adsorption onto the cluster. In (6),
the VED map is shown on the plane defined by the marked Se, Mn, and Se or Cd,
Mn, and Cd atoms labeled in each panel. In each VED map, the iso-VED contour
lines also are plotted.
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4.4.1.4 (CdSe)13 Cluster
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Figure 4.6: Equilibrium atomic configurations showing side and top views of the
(CdSe)13 cluster in its pristine state and after Mn adsorption onto the cluster for the
(a) Se-terminated side and (b) Cd-terminated side. Gold, light yellow, white, and
purple spheres denote Se, Cd, H, and Mn atoms, respectively. The numbers shown
give the indicated interatomic distances (bond lengths) in Å. The panels depict (1)
the side and (3) the top view of the optimized configuration of the pristine (CdSe)13
cluster; (2) the side and (4) the top view of the optimized configuration of the
(CdSe)13 cluster with a Mn dopant atom adsorbed onto it; and the valence electron
density (VED) distribution for (5) the pristine cluster and (6) the doped cluster in
the vicinity of the dopant atom. In (5), the VED map is shown on the plane defined
by the two marked Se or Cd atoms and a third point that will become the
geometrical location of the dopant atom upon its adsorption onto the cluster. In (6),
the VED map is shown on the plane defined by the marked Se, Mn, and Se or Cd,
Mn, and Cd atoms labeled in each panel. In each VED map, the iso-VED contour
lines also are plotted.

4.4.2 Binding Energies for Mn Adsorption onto CdSe clusters
Figure 4.7 compares the binding energies for Mn dopant adsorption onto the four
most stable sites of the (CdSe)6, (CdSe)9, (CdSe)10, and (CdSe)13 clusters.

The

dependences on the cluster size, d, of these binding energies are depicted as solid lines in
Fig. 4.7. The four most stable binding sites correspond to the most stable equivalent
binding sites onto the low-Miller-index surfaces of the bulk CdSe crystal. These are the
_

bulk-terminated (000 1 )-Se [Fig. 4.3(a), 4.4(a), 4.5(a), 4.6(a)], bulk-terminated (0001)-Cd
_

_

[Fig. 4.3(b), 4.4(b), 4.5(b), 4.6(b)], bulk-terminated (10 10), and bulk-terminated (11 2 0)
surfaces. The binding energy, Eb, for adsorption of Mn onto the (CdSe)6, (CdSe)9,
_

(CdSe)10, and (CdSe)13 clusters on the (000 1)-Se site is 5.55, 5.52, 5.50, and 5.53 eV,
respectively. This high binding energy is due to the formation of strong Mn-Se bonds
upon Mn dopant adsorption; this leads to complete filling of the electronic states of the
dangling bonds of the Se atoms. As a result, Mn adsorption onto this site is characterized
by an inward relaxation of the dopant [Figs. 4.3(a2), 4.4(a2), 4.5(a2), and 4.6(a2)]. The
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binding energy, Eb, for Mn adsorption onto the (CdSe)6, (CdSe)9, (CdSe)10, and (CdSe)13
clusters on the other basal plane, i.e., the (0001)-Cd surface, is 2.77, 2.77, 2.70, and 2.66
eV, respectively. This is due to the complete emptying upon Mn adsorption of the
electronic states that correspond to the dangling bonds of the Cd atoms. Consequently,
Mn adsorption onto this site is characterized by an outward relaxation of the dopant
[Figs. 4.3(b2), 4.4(b2), 4.5(b2), and 4.6(b2)]. In all cases, the removal of the local
passivating H atoms (with respect to the adsorption site) prior to dopant adsorption was
taken into account for the binding energy computation.
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0.97 1.07 1.17 1.27 1.37 1.47 1.57 1.67 1.77 1.87 1.97
Figure 4.7: Binding energies, Eb, for Mn dopant adsorption onto the various sites of
different-size CdSe clusters. The four most stable surface sites are the equivalent
sites on the different low-Miller-index surfaces of bulk CdSe. Solid lines plot Eb as a
function of CdSe cluster size d, while the dashed lines facilitate the comparison of Eb
for the largest CdSe cluster examined with that for the equivalent surface of bulk
CdSe. For the surfaces of bulk CdSe, Eb is computed for the most stable surface
structure. The arrows indicate the change in the Eb value for the same cluster size at
a higher dopant concentration in the cluster.
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The binding energies for Mn adsorption onto the small CdSe clusters are
compared with the corresponding binding energies for adsorption onto the low-Millerindex surfaces of the bulk CdSe crystal; these comparisons are shown with the dashed
lines in Fig. 4.7. The results of Fig. 4.7 indicate that the binding energies for Mn
adsorption onto small CdSe clusters are high compared to those onto the equivalent
surfaces of the bulk CdSe crystal. For the calculation of the binding energies for Mn
adsorption onto CdSe surfaces, the most stable surface structures were used in the anionrich regime. Specifically, the Cd-vacancy and Se-vacancy surfaces are the most stable
_

surface structures for the (0001)-Cd and (000 1 )-Se surfaces, respectively. This was
determined by comparing the surface energy values of the vacancy surfaces with those of
the bulk-terminated surfaces; our DFT results for these surface energies are consistent
with earlier reports in the literature [Manna, et al., 2005]. The binding energy Eb for Mn
dopant adsorption onto the Cd-vacancy and the Se-vacancy surface is 2.49 eV and 2.91
eV, respectively. The high binding energies for Mn dopant adsorption onto the small
CdSe clusters imply that cluster surface kinetics plays a dominant role in determining the
doping efficiency at the nanocrystal nucleation stage. After the dopants are adsorbed
onto the clusters, further addition of precursors traps them at an interstitial site of the
CdSe lattice and incorporates them into the crystal lattice as interstitial impurities, the
stable configurations of which were discussed in Sec. 4.2.

Incorporation into the

growing nanocrystal of these trapped Mn dopants that were originally adsorbed onto the
small cluster (nanocrystal seed) would lead to higher doping efficiencies and explain the
recent successes in doping CdSe nanocrystals of the cluster thermolysis method of doped
nanocrystal synthesis.
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Figure 4.8: Equilibrium atomic configurations showing top views of the (CdSe)10
cluster after Mn adsorption onto the cluster at different concentrations of Mn
dopants for the (a) Se-terminated side and (b) Cd-terminated side. Gold, light
yellow, and purple spheres denote Se, Cd, and Mn atoms, respectively. The numbers
shown give the indicated interatomic distances (bond lengths) in Å. The panels
depict the top view of the optimized configuration of the (CdSe)10 cluster at a Mn
concentration (1) x = 0.5 and (2) x = 1 and the valence electron density (VED)
distribution for the doped cluster at (3) x = 0.5 and (4) x = 1. In (3) and (4), the VED
map is shown on the plane defined by the marked Se, Mn, and Se or Cd, Mn, and
Cd atoms labeled in each panel. In each VED map, the iso-VED contour lines also
are plotted.
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Furthermore, we calculated the dependence of Eb on the dopant concentration in
the clusters. The corresponding changes in Eb with increasing dopant concentration are
_

shown with arrows in Fig. 4.7. For adsorption onto the (000 1)-Se site, we find that the

binding energy decreases with increasing the dopant concentration in the cluster. To
elucidate the origin for this decrease in Eb, we show in Fig. 4.8(a), the structure of the
(CdSe)10 cluster with one and two Mn atoms adsorbed onto the surface under
consideration, Figs. 4.8(a1) and 4.8(a2), respectively, as well as the corresponding
valence electron density (VED) distributions in the vicinities of the adsorbed Mn dopant
atoms, Figs. 4.8(a3) and 4.8(a4). From the comparison of the VED maps in Figs. 4.8(a3)
and 4.8(a4), it is evident that the strength of the bonds formed between the dopant atoms
and the surface Se atoms (Mn-Se bonds) weakens with increasing the adsorbed dopant
concentration, which explains the corresponding decrease in the binding energy.
In spite of this decrease, however, Eb values for Mn adsorption onto the clusters
remain higher than those for adsorption onto surfaces of the bulk crystal. This implies
that there is a critical dopant concentration that should be adsorbed for a given cluster
size in order to maximize the doping efficiency at the nanocrystal nucleation stage.
Furthermore, we have found that the binding energy for Mn adsorption onto the (0001)Cd site of the cluster increases with increasing dopant concentration in the cluster,
consistent with other Eb(x) dependences that we have studied [Singh, et al., 2008; Singh,
et al., 2010a, Singh, et al., 2010b]. To elucidate this Eb(x) dependence, we show in Fig.
4.8(b) the optimized structures of (CdSe)10 clusters with one and two Mn atoms adsorbed
onto the surface under consideration, Figs. 4.8(b1) and 4.8(b2), respectively.

The

corresponding VED distributions in the vicinities of the adsorbed Mn dopant atoms are
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shown in Figs. 4.8(b3) and 4.8(b4). In the case of the (CdSe)10 cluster, it is seen that the
Mn-Cd bonding remains practically unaltered upon increasing the adsorbed dopant
concentration; as a result, there is no significant increase in Eb(x) for this cluster.
However, in the case of the (CdSe)13 cluster, the bonding strength increases with
increasing the concentration of the adsorbed dopant. This provides an explanation for the
resulting trend in Eb(x).

4.4.3 Dopant Segregation Energy Profiles for CdSe Nanocrystal Surface Facets
The kinetically driven cluster doping model proposed above explains the high
doping efficiencies achieved through the cluste thermolysis method. However, it does
not explain the significant dopant surface segregation that has been observed in CdSe
colloidal nanocrystals [Mikulec, et al., 2000]. In particular, dopants were found to be
excluded from the central cores (d ~ 1.3-1.8nm) [Bryan and Gamelin, 2005; Bryan, et al.,
2005], indicating migration of dopants from the core toward the surface. In addition,
surface segregation of dopants was observed in the doping of other wurtzite-structure
nanocrystals, such as ZnO nanocrystals [Schwartz, et al., 2003; Norberg, et al., 2004].
For example, Norberg et al. reported that colloidal synthesis of Mn-doped ZnO quantum
dots (QDs) results in the presence of surface bound dopants (amounting up to 45% of the
dopant atoms brought to the crystal) [Norberg, et al., 2004].

Treatment of these

synthesized QDs with an organic solvent removes the surface segregated dopants and
leads to the formation of stable dispersed doped QDs.
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Figure 4.9: (a) Segregation energy profiles, Eseg(l), for Mn dopant segregation on
_

_

_

CdSe (0001), (000 1 ), (10 1 0), and (11 2 0) surfaces. Solid and dashed lines are used
to differentiate between segregation energy profiles at low and high dopant
concentrations, respectively. The depth is given in terms of the number, l, of each
atomic layer parallel to the surface plane, with l = 1 corresponding to the surface
layer and l increasing from the surface toward the interior of the crystal. (b)
Schematic of wurtzite-structure CdSe nanocrystals depicting the axial diffusion of
Mn atoms toward the vacancy-terminated basal planes that can lead to their
substitutional incorporation. The dopant atoms do not segregate on the side
surfaces, which implies that the dopants remain incorporated into the core regions
of the nanocrystal.
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To explain these experimental observations and investigate the role of
thermodynamics in the nanocrystal doping process, the tendencies for segregation of Mn
dopant atoms on CdSe surface facets were computed from the corresponding dopant
segregation energy profiles, Eseg(l), that were calculated as detailed in Sec. 2.1.3.4.
Figure 4.9(a) shows these equilibrium surface segregation energy profiles for Mn dopants
_

_

at low [solid lines] and high [dashed lines] concentrations on the (0001), (000 1), (10 10)
_

and (11 2 0) surfaces; Eseg(l)/l provides a metric for the thermodynamic driving force for
_

surface segregation of the dopant atoms. For the basal planes, (0001) and (000 1), of the
CdSe crystals, a significant increase in energy is evident when the dopant atom is moved
from the surface [l = 1 in Fig. 4.9(a)] to the inner layers of the slab [l = 2 – 4 in Fig.
_

4.9(a)].

_

However, for the side surfaces [(10 10) and (11 2 0)] of the CdSe crystals the

trend is reversed [Fig. 4.9(a)]. On these surfaces, placing the dopant atoms in the inner
layers of the slab is found to be energetically favorable than placing them on the surface;
this indicates that the driving force for surface segregation is directed primarily toward
the basal planes.
The large driving force for segregation on the basal planes contributes to the
migration of dopant atoms from the “trapped” interstitial state in the nanocrystal to the
basal surfaces. This is depicted in the schematic of Fig. 4.9(b). Moreover, it has been
reported recently that the diffusion barrier for migration of Mn dopant atoms from the
core to the surface of zinc-blende CdSe nanocrystals (~0.35 eV) is lower than that in the
bulk (~0.84 eV) [Chan, et al., 2009]. We conclude that the large driving force for
segregation in conjunction with a reduced activation barrier for dopant diffusion in the
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nanocrystal may cause the axial transport of the dopant and, eventually, lead to the
incorporation of the dopant through a surface vacancy. These vacancies are abundant
during the growth stages and are present on the CdSe basal planes.
To quantify the presence of vacancies on the CdSe basal planes, we computed the
formation energies for an isolated Cd vacancy and an isolated Se vacancy in the bulk
CdSe lattice and compared them with those of the Cd vacancy and the Se vacancy on the
_

CdSe(0001) and (000 1) surfaces, respectively. The formation energies, Ef, of the surface
vacancies were calculated for the two limits of the Cd and Se chemical potential values
and they are listed in Table 4.2. Using our DFT methodology, a (2×2×2) supercell
provided sufficient precision for the calculation of the vacancy formation energies in bulk
CdSe (also listed in Table 4.2), consistent with formation energy values reported in the
literature [Kohan, et al., 2000]. The formation energies of the surface vacancies were
computed using a (2×2) supercell.

Table 4.2: Computed vacancy formation energy, Ef, values for the Cd vacancy and
_

the Se vacancy in the bulk CdSe lattice and on the CdSe(0001) and CdSe(000 1 )
surfaces. The values are reported in the limits of the Se chemical potential, µSe,
ranging from an isolated Se atom to the bulk structure (hexagonal) of Se.
_

Formation
Energy (eV)
Cd-vacancy
Se-vacancy

Bulk CdSe,

(0001) Surface,

(000 1 ) Surface,

Eq. (2.10)

Eq. (2.10)

Eq. (2.10)

µ Se = µ Se ,bulk

µ Se = µ Se

µ Cd = µ Cd ,bulk

1.83

3.62

-1.98

1.49

4.29

-

vac

µ Cd = µ Cd

µ Se = µ Se ,bulk

µ Se = µ Se

-1.29

-

-

-

-0.72

2.08

vac

vac

The results of Table 4.2 imply that the formation energies of the Cd vacancy on
_

the (0001) surface [Ef = -1.98 eV] and the Se vacancy on the (000 1) surface [Ef = -0.72
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eV] are lower than (by ~2.4-3.8 eV) the formation energies in the bulk CdSe lattice for
the Cd vacancy [Ef = 1.83 eV] and for the Se vacancy [Ef = 1.49 eV]. These values were
computed at the bulk values of the chemical potentials for Cd and Se, respectively (see
Sec.2.1.3.1 for further details). This indicates that vacancies are easier to form on the
basal surfaces than in the bulk of the CdSe crystal, consistently with vacancy formation
in ZnO nanocrystals (see Sec. 3.1). Also, it should be pointed out that, under certain
conditions, the formation of surface Cd vacancies on CdSe(0001) is spontaneous.
Therefore, the surface vacancies may serve as sites for the substitutional incorporation of
the dopants diffusing from the core regions of the nanocrystal. The schematic in Fig.
4.9(b) also suggests that Mn dopants do not have a tendency to segregate on the side
surfaces of the nanocrystal; this guarantees that the dopants remain incorporated into the
core regions of the nanocrystal instead of “escaping” to its side surfaces.

4.4.4 Comparison of Dopant Formation Energies Comparison in Zinc-blende and
Wurtzite Lattices
To analyze further the role of thermodynamics in the doping of CdSe
nanocrystals, we compare in Table 4.3 the formation energies of the Mn substitutional
impurity (single dopant atom) in CdSe and ZnO clusters with wurtzite lattice structure
and in CdSe and ZnSe clusters with zinc-blende lattice structure. The formation energy,
Ef, of the substitutional impurity in small clusters is computed by replacing a Cd or a Zn
atom of the cluster with a Mn atom. This is compared with the formation energy, Ef, of
the substitutional Mn impurity in the respective bulk structures. In both cases (small
clusters and bulk crystals), Ef is expressed by
E f = Etot − E pristine − µ d + µ A ,
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(4.2)

where Etot is the total energy of the small cluster or the bulk crystal with a Group-II atom
(Cd or Zn) substituted by a dopant atom, Epristine is the total energy of the small cluster or
the bulk crystal in its pristine state, and µd and µA are the chemical potentials of an
isolated dopant atom and a host Group-II atom (here, A = Cd or Zn), respectively. The
resulting relative formation energy values, ∆Ef = Efcluster - Efbulk, are reported in Table 4.3
for various sizes of clusters with both wurtzite and zinc-blende lattice structures.
Table 4.3: Computed differences, ∆Ef (eV), between the formation energy values for
Mn impurity in various clusters with wurtzite (w) and zinc-blende (zb) lattice
structures and their respective values in the bulk crystals. In the notation used, A =
Cd or Zn, B = Se or O and the subscripts give the number of atoms in the cluster.
∆Ef (eV) ∆Ef (eV) ∆Ef (eV) ∆Ef (eV)
Clusters CdSe-w ZnO-w CdSe-zb ZnSe-zb
(AB)6
-0.111
0.221
(AB)9
-0.139
0.201
(AB)10
-0.081
0.198
(AB)13

0.078

0.177

-

-

A1B4

-

-

0.107

0.119

A4B10

-

-

0.097

0.099

A10B20

-

-

0.072

0.076

A20B35

-

-

0.075

0.075

For CdSe with wurtzite lattice structure, the cluster sizes used were (CdSe)6,
(CdSe)9, (CdSe)10, and (CdSe)13; the same cluster sizes were used for ZnO with wurtzite
lattice structure. For CdSe with zinc-blende lattice structure, the cluster sizes used were
Cd1Se4, Cd4Se10, Cd10Se20, and Cd20Se35; the same cluster sizes were used for ZnSe with
zinc-blende lattice structure. In all the clusters examined, the surface Cd/Zn or Se/O
dangling bonds were passivated with pseudohydrogen atoms as described in Sec. 4.2.1.
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The relative formation energies reported in Table 4.3 reveal that Mn incorporation
in small ZnO clusters is the most difficult of the four cases examined, while Mn dopant
incorporation in wurtzite-structure CdSe clusters is a thermodynamically favorable
process. This is attributed to the lattice strain that is induced in the crystal due to the
dopant incorporation into the crystal. In the ZnO lattice, the Zn-O bond length is 2.0 Å,
while the Mn-Se optimal bond length in a wurtzite lattice is 2.55 Å. Consequently, the
lattice strain is the lowest if Mn is introduced as a substitutional impurity in small-size
CdSe clusters. Furthermore, as the cluster size is decreased, the formation energy of Mn
for ZnO clusters and zinc-blende ZnSe and CdSe clusters is increased. This supports the
self-purification model of doped nanocrystals [Dalpian and Chelikowsky, 2006], in which
the dopant atoms are expelled through the nanocrystal surface. In small-size wurtzitestructure CdSe clusters, the negative relative formation energy of Mn with respect to its
formation energy in the bulk crystal implies its relative ease of incorporation into the
cluster. This is consistent with experimental observations and provides interpretations for
the synthetic procedures (cluster thermolysis) used in the doping of CdSe nanocrystals.

4.5 Summary and Conclusions
In conclusion, we have proposed a “cluster” doping mechanism that provides
explanation for the experimentally observed behavior in the Mn doping of CdSe
nanostructures. Specifically, the transition-metal doping of CdSe nanocrystals has been
extremely difficult and the success of the cluster-thermolysis approach had suggested the
possibility that CdSe nanocystals favor doping in the cluster regime, i.e., at the nucleation
stage of the grown nanocrystal. The present first-principles theoretical study has shown
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that Mn dopants have high binding energies for adsorption onto the sites of small CdSe
clusters (with diameters d < 2 nm) as compared to those for adsorption onto the most
stable surface facets of larger (d ≥ 5 nm) CdSe nanocrystals. These binding energies
remain high independent of the dopant concentration in the cluster. Such high binding
energies for adsorption of transition-metal dopants onto small stable clusters of
compound semiconductors is a particularly important finding in the context of enabling
the doping of semiconductor quantum dots at the nucleation stage of their synthesis and
improving their doping efficiency.
Moreover, the dopant surface segregation energy profiles that we computed for
Mn segregation on CdSe nanocrystal surfaces suggest that interstitial Mn dopants have a
strong tendency to migrate in the wurtzite lattice of CdSe away from the side surfaces
and toward the basal planes of the nanocrystal; at the basal planes, the Mn atoms
incorporate into substitutional sites of the wurtzite lattice through a surface vacancy (i.e.,
by occupying a vacant surface site) during the growth of CdSe nanocrystals. Comparing
the formation energies of the Mn substitutional impurity in different semiconductors with
zinc-blende and/or wurtzite lattice structures also reveals that Mn can be incorporated
easily into CdSe nanocrystals due to the low lattice strain that such an incorporation
induces. In general, our analysis has shown that both surface kinetics (dopant adsorption
onto small-size clusters and dopant diffusion in the nanocrystal lattice) and
thermodynamics (dopant equilibrium surface segregation) affect the transition-metal
doping efficiencies in CdSe nanocrystals. The results of our analysis are consistent with
recent experimental reports of high doping efficiencies for small-size CdSe clusters and
provide fundamental interpretations to the experimental findings.
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CHAPTER 5
5. TRANSITION-METAL DOPING OF ZINC SELENIDE NANOCRYSTALS

5.1 Introduction
Doping in bulk semiconductors (e.g., n- or p-type doping in silicon) allows for
precise control of their properties and forms the basis for the development of electronic
and photovoltaic devices. Recently, there have been reports on the successful synthesis
of doped semiconductor nanocrystals [Bhargava, et al., 1994; Norris, et al., 2008] for
potential applications in solar cells [Gur et al., 2005] and bioimaging [Michalet, et al.,
2005]. For example, crystals of various II-VI compound semiconductors such as ZnS
[Suyver, et al., 2001] and ZnSe (with zinc-blende lattice structure) [Norris, et al., 2001;
Erwin, et al., 2005, Pradhan, et al., 2005, Zu, et al., 2006], as well as CdSe [Mikulec, et
al., 2000; Beaulac, et al., 2008; Yu, et al., 2009] and ZnO (with wurtzite lattice structure)
[Radovanovic, et al., 2002; Radovanovic, et al., 2003; Schwartz, et al., 2003; Norberg, et
al., 2004] have been successfully doped with transition-metal (TM) elements (Mn, Co, or
Ni). TM-doped semiconductor nanocrystals, commonly referred to as diluted magnetic
semiconductors (DMS) [Furdyna, 1988; Ohno, 1998], have been predicted to exhibit
room-temperature ferromagnetism [Dietl, et al., 2000] with potential applications in
spintronic devices [Wolf, et al., 2001].
Doped semiconductor nanocrystals or doped quantum dots (QDs) are typically
synthesized using colloidal synthesis techniques or vacuum deposition methods, such as
pulsed-laser deposition (PLD) or molecular-beam epitaxy (MBE) [Matsumoto, 2001;
Sharma, et al., 2003]. Using “hot-injection” organometallic synthesis of colloidal
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nanocrystals [Hines and Guyot-Sionnest, 1998; Murray, et al., 2000] provides an
excellent means to control shape, size, structure, and composition in the growth of QDs
[Yin and Alivisatos, 2005]. Typically, this procedure involves rapid injection of
molecular precursors to a hot coordinating solvent (an organic surfactant) over a
temperature range from room temperature to 350°C [Hines and Guyot-Sionnest, 1998;
Murray, et al., 2000; Schwartz, et al., 2003; Norberg, et al., 2004; Erwin, et al., 2005;].
Growing doped QDs using these colloidal synthesis techniques also requires an additional
precursor for the introduction of the dopants. This technique has been employed in the
synthesis of doped, as well as undoped, QDs in a variety of shapes such as spherical
nanocrystals [Erwin, et al., 2005; Pradhan, et al., 2005], nanorods or nanowires [Yuhas, et
al., 2006], nanoribbons [Yu, et al., 2009], and tetrapods [Roy, et al., 2004].

5.2 Background and Motivation
The temperature of the growth solution and the concentration of the precursor
species affect the doping efficiencies in these nanocrystals. Specifically, in colloidal Mndoped ZnSe nanocrystals, it has been observed that increasing the anion:cation ratio leads
to higher doping efficiencies [Erwin, et al., 2005; Zu, et al., 2006]. Typically, the
concentration of the incorporated dopants in nanocrystals (≤ 1-2%) is one order of
magnitude lower than the bulk solubility of the dopants. In spite of recent successes,
however, doping of semiconductor nanocrystals remains a very challenging task and the
underlying doping mechanisms remain elusive. The difficulties in doping at the initial
growth stages of nanocrystals become more pronounced due to the formation of
particularly stable clusters, known as magic clusters [Kasuya, et al., 2004], for
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nanocrystals of diameter around 20 Å; such extremely stable small clusters resist strongly
dopant adsorption. Therefore, unless the nanocrystals grow to diameters d ~ 5 nm and
form well-defined facets, doping does not occur. The doping efficiency is determined by
the relative ratios of the (001), (110), and (111) surfaces, which is dependent upon the
surface energies of these facets.
Furthermore, significant segregation of dopants (e.g., in Mn-doped CdSe
[Mikulec, et al., 2000], or Mn/Co/Ni-doped ZnO [Schwartz, et al., 2003; Norberg, et al.,
2004], and Mn-doped ZnSe [Lad, et al., 2007]) on the surface facets of nanocrystals
makes the incorporation of dopants into nanocrystals even more difficult. This adversely
affects the optoelectronic properties of the resulting doped QDs and other nanomaterials.
In general, the magnetic, optical, and electronic properties of doped QDs synthesized
using either vacuum deposition or colloidal synthesis methods are strongly dependent on
the preparation techniques and processing conditions, such as temperature, the
concentrations of the growth precursors, and the organic surfactants used.
Several models for nanocrystal doping have been proposed based on statistics
[Turnbull, 1950] (Turnbull model), thermodynamics (self-purification model) [Dalpian
and Chelikowsky, 2006], or surface kinetics (trapped-dopant model) [Erwin, et al., 2005].
The Turnbull model assumes that nanocrystals have the same dopant (or impurity)
solubility as the corresponding bulk materials and argues that, although the small
crystallites tend to be pure, they must contain a small amount of impurities. The analysis
based on this model is purely statistical and does not explain satisfactorily the specific
case of Mn doping of ZnSe nanocrystals [Turnbull, 1950; Norris, et al., 2008]. The “selfpurification” model argues that nanocrystals undergo an intrinsic mechanism of expulsion
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of dopants through their surface facets. This model assumes that the solubility of dopants
in nanocrystals is lower than that in the corresponding bulk materials and it concludes that
doping nanocrystals is very difficult. Also, a thermodynamic equilibrium is established
between the doped nanocrystals and their surroundings (reservoirs with which species can
be exchanged). This may promote segregation of dopants at the nanocrystal surface
facets. However, in the temperature range of 150-350°C, where synthesis of colloidal
nanocrystals is typically carried out, thermodynamic equilibrium may not be established,
which implies that kinetic factors also may play significant roles in the incorporation of
impurities into nanocrystals. In the “trapped-dopant” model, it is assumed that doping is
controlled by the adsorption of impurities onto well-defined nanocrystal surface facets.
In particular, certain dopants have very high binding energies for adsorption onto the
anion-rich ZnSe(001)-(2×1) surface as compared to other low-Miller-index surfaces.
However, for nanocrystals with diameters d ~ 5 nm that have polyhedral shapes with
well-defined facets, (001) surface facets account for less than 40% of the total nanocrystal
surface area (see, e.g., Section 5.4.7). Hence, there is a low probability for dopant atoms
to find a stable binding site only on (001) surface facets. Although the above proposed
models have advanced our understanding of nanocrystal doping, a comprehensive picture
of the nanocrystal doping mechanisms has not yet emerged.
In this context, using a synergistic combination of first-principles density
functional theory calculations and experimental observations, we report a fundamental
and quantitative study on the efficient doping of semiconductor nanocrystals.

Our

analysis is focused on the adsorption of Mn dopants on ZnSe nanocrystal surface facets,
which can help elucidate the mechanisms of dopant incorporation into growing
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nanocrystals. Specifically, combining kinetic and thermodynamic concepts for the
chemisorption and surface segregation of dopants, we propose a detailed, comprehensive
model for Mn doping in ZnSe nanocrystals and discuss its implications for the doping
efficiencies of ZnSe QDs. Our model takes into account nanocrystal morphology, surface
facet structure, nanocrystal composition, and dopant surface coverage and it is consistent
with recent experimental reports on doping efficiencies [Norris, et al., 2001; Schwartz, et
al., 2003; Erwin, et al., 2005; Zu, et al., 2006].
This Chapter is structured as follows. A detailed description of our first-principles
density functional theory (DFT) calculational methodology is outlined in Chapter 2; the
computations of surface energies of pristine ZnSe surface facets and ZnSe surfaces with
dopant atoms adsorbed onto them, binding energies for dopant adsorption onto
nanocrystal surface facets, and segregation energy profiles for segregation of Mn dopant
atoms on ZnSe nanocrystal surfaces are discussed in detail in Section 2.1.3. A systematic
analysis of the equilibrium configurations of various surface reconstructions for pristine
_ _ _

and doped ZnSe surfaces with low Miller indices [(001), (110), (111), and ( 1 1 1)] is
presented in Secs. 5.4.1-5.4.4. Section 5.4.5 reports dopant-induced surface structural
transitions in ZnSe nanocrystals under certain conditions. Computed binding energies for
Mn adsorption onto ZnSe nanocrystal surface facets and their dependence on the dopant
surface concentration are reported in Sec. 5.4.6. The equilibrium crystal shapes of ZnSe
nanocrystals at various dopant surface concentrations are presented in Sec. 5.4.7 and the
segregation energy profiles for Mn segregation on various ZnSe surfaces are presented
and discussed in Sec. 5.4.8. Finally, the most important conclusions of our study are
summarized in Sec. 5.5.
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5.3 Computational Methods
Our DFT calculations were carried out within the generalized gradient
approximation (GGA) using the projector-augmented-wave (PAW) method and
employing slab supercells and plane-wave basis sets as implemented in the VASP code
[Kresse and Furthmuller, 1996]. Typically, colloidal nanocrystals have diameters d ~ 5
nm and polyhedral shapes with well-defined facets [Murray, et al., 2000; Norris, et al.,
2001; Schwartz, et al., 2003; Norberg, et al., 2004; Erwin, et al., 2005]; the equilibrium
crystal shape [Moll, et al., 1996; Pehlke, et al., 1997] of ZnSe nanocrystals consists of
_ _ _

low-Miller-index surfaces [(001), (110), (111), and ( 1 1 1)] only. The large size of the

nanocrystals allows us to study each surface facet using slab supercell models of bulk
ZnSe surfaces. For a better understanding of the atomic bonding, the planar intersections
of the three-dimensional valence electron density (VED) distribution are constructed for
each of the surface reconstructions in their pristine state and after dopant adsorption. For
ZnSe surface configurations with adsorbed dopant atoms, the plane chosen for the VED
map presentation is defined by the Se, Mn, and Se surface atoms or by the Zn, Mn, and
Zn surface atoms. For the pristine surface configurations, the plane for the VED map is
defined by the positions of two surface (or subsurface) Se or Zn atoms and a third point
given by the geometrical location of the dopant atom (which is far away from the surface
plane and does not interact with the surface). Such VED maps demonstrate clearly the
bonding strength between the adsorbed dopant atom and the surface atoms and contribute
to a fundamental understanding of the electronic structure of a given surface. Further
details of our DFT calculational methodology are provided in the Chapter 2.
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5.4 Results and Discussion
A criterion for efficient nanocrystal doping at low temperatures (from room
temperature to 350°C) is the chemisorption of dopants onto the nanocrystal surface, i.e.,
the possibility for an approaching dopant atom from the solution to find an adsorption site
at the nanocrystal surface with a high binding energy (through either direct adsorption or
dissociative adsorption from a surfactant-dopant complex [Zu, et al., 2008]); in such a
case, the dopant atom is trapped into the crystal as its growth proceeds with the arrival of
additional precursors. The mechanism of dopant incorporation is elucidated by studying
the adsorption of dopants onto each of the low-Miller-index surfaces [(001), (110), (111),
_ _ _

and ( 1 1 1)] that constitute the various facets of ZnSe nanocrystals. The stable surface

structure of ZnSe and other covalently bonded materials (e.g., Si, GaAs, or ZnS) is a
strong function of the material’s chemical environment.

Consequently, when the

chemical potential of the precursor species or the dopant surface concentration is varied
each of the thermodynamically stable surfaces exhibit surface reconstructions.
Experimentally, it has been observed that the doping efficiencies are increased by
increasing the concentration of the anionic precursor [Suyver, et al., 2001; Erwin, et al.,
2005; Zu, et al., 2006].
In this Section, we demonstrate that surface reconstructions with different surface
stoichiometries become thermodynamically stable depending upon the chemical
potential, µ, of the anion/cation precursor species; µ correlates directly with the
concentration of the precursor species. Specifically, our first-principles DFT calculations
reveal that all anion-rich surfaces (i.e., surfaces terminated by Se atoms) have high
binding energies for dopant adsorption onto them leading to high doping efficiencies,
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which is consistent with experimental findings [Erwin, et al., 2005; Zu, et al., 2006]. The
stability of these anion-rich surfaces is examined by comparing the surface energies of
doped and undoped ZnSe nanocrystals as a function of the anionic (Se) chemical
potential, µSe. A detailed explanation of the various surface reconstructions for each of
the surface orientations and surface energies of ZnSe surfaces in the absence and in the
presence of dopants is provided in Secs. 5.4.1-5.4.4. Results of binding energy
calculations for Mn dopant adsorption onto ZnSe surfaces are presented and discussed in
Secs. 5.4.5 and 5.4.6. The computed equilibrium crystal shapes and the dopant
segregation energy profiles are discussed in Secs. 5.4.7 and 5.4.8, respectively. Our
findings reveal the possibility for dopant-induced surface structural transitions and
nanocrystal morphological transitions and explain the nanocrystal doping efficiencies on
the basis of fundamental kinetics (dopant chemisorption) and thermodynamics (dopant
equilibrium surface segregation).

5.4.1 (001) Surface
For compound semiconductor materials with zinc-blende structure, the (001)
surface is used widely to study the growth of thin films for optoelectronic applications.
The unreconstructed ZnSe(001) surface is polar and consists of either Zn or Se atoms
(i.e., either Zn-terminated or Se-terminated) in the plane parallel to the surface. This
surface is highly unstable and undergoes various surface reconstructions, resulting in the
passivation of surface dangling bonds. Specifically, the dimer and vacancy structures on
the ZnSe(001) surface are the ones most commonly observed experimentally [Ohtake, et
al., 2001]. For example, during the atomic-layer-epitaxy growth process of ZnSe on
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GaAs(001) substrates [Ohtake, et al., 2001], Se-terminated Se-(2×1) and Zn-terminated
Zn-c(2×2) surface structures were observed. These surfaces are semiconducting and
satisfy the electron counting rule [Pashley, 1989], i.e., Zn dangling bonds are completely
empty while Se dangling bonds are completely filled leaving no net surface charge.
Figures 5.1(a)-(e) show the DFT optimized atomic configurations and their
respective

valence

electron

density (VED)

distributions

for

various

surface

reconstructions of the ZnSe(001) surface in its pristine state and after dopant adsorption.
If the ZnSe crystal is cleaved in a manner that leaves Se atoms on the (001) surface, the
surface structure can be stabilized by the formation of Se dimers, as shown in Fig.
5.1(a1). The Se-Se bond length of the Se dimer was found to be 2.44 Å. The dimer site
is the most stable binding site for the Mn dopant adsorption at low dopant surface
coverage (x < ~0.75), while the trough site (marked by an “arrow” in Fig. 5.1(a1)] is the
most stable at high dopant surface coverage (x > ~0.75) [Singh, et al., 2008]. For further
details of the trough site, please refer to Section 5.4.9. The optimized atomic
configuration upon dopant adsorption onto the Se-(2×1) surface is shown in Fig. 5.1(a2).
This site has a binding energy Eb = 3.98 eV for Mn dopant adsorption at a surface
concentration x = 1. The corresponding VED map in Fig. 5.1(a3) highlights the strong
Se-Se dimer bond, while the VED map in Fig. 5.1(a4) shows the formation of Se-Mn-Se
bonds after the breaking of the original Se-Se dimer bond.
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Figure 5.1: Selected optimized atomic configurations showing various surface
reconstructions on the ZnSe(001) surface: (a) Se-(2×1), (b) Se-c(2×2), (c) Zn-(2×1),
(d) Zn-c(2×2), and (e) Zn-(4×2). Both the pristine surface and the surface with Mn
dopant atoms adsorbed onto it are shown. Gold, silver, and white spheres denote Se,
Zn, and Mn atoms, respectively. The numbers shown give the indicated interatomic
distances (bond lengths) in Å. The surface unit cell is shown in dashed lines; in (a)(d), the length of each side of the unit cell is √2a, whereas in (e) the unit cell’s length
and width are 2√2a and √2a, respectively. Each panel depicts (1) the optimized
atomic configuration of the pristine surface; (2) the optimized surface configuration
after dopant adsorption; (3) the valence electron density (VED) distribution on the
pristine surface, and (4) the VED distribution on the surface in the vicinity of the
dopant after dopant adsorption. In (3), the VED map is shown on the plane defined
by the two surface Se or Zn atoms and a third point given by the geometrical
location of the dopant atom. In (4), the VED map shown on the plane is defined by
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the Se, Mn, and Se, or Zn, Mn, and Zn surface atoms labeled in each panel. In each
VED map, the iso-VED contour lines also are plotted.

In Fig. 5.1(b1), the equilibrium Se-terminated Se-c(2×2) structure is shown; it is
formed by creating a Se vacancy on the surface in each of the dimer rows. In this atomic
configuration, the surface Zn-Se-Zn bonds become tetrahedral (sp3 hybridized) since the
dangling bonds of the surface Se atom are completely filled. The vacancy site and the
tetrahedral Zn-Se-Zn bonds are depicted clearly in the VED map of Fig. 5.1(b3). The
resulting Se vacancy site serves as an adsorption site for the Mn dopant atom, as shown
in Fig. 5.1(b2). The binding energy for Mn dopant adsorption onto the Se-c(2×2) surface
is 1.55 eV. This is lower than that for adsorption onto the Se-(2×1) surface due to the
formation of weaker Mn-Zn (dopant-cation) bonds on the surface, as depicted in the VED
map of Fig. 5.1(b4).
If the crystal is cleaved in a manner that leaves surface Zn atoms on the (001)
surface, the atomic structures constructed in an analogous manner to the Se-terminated
surfaces are: Zn-terminated Zn-(2×1) comprising of surface Zn dimers [Fig. 5.1(c1)] and
Zn-vacancy Zn-c(2×2) [Fig. 5.1(d1)]. In the DFT optimized Zn-c(2×2) structure [Fig.
5.1(d1)], the dangling bonds of the surface Zn atom become completely empty and the
resulting surface Se-Zn-Se bonds form an almost planar (sp hybridized) configuration as
shown in the VED map of Fig. 5.1(d3). The corresponding equilibrium configurations
formed upon dopant adsorption onto the Zn-(2×1) and Zn-c(2×2) surfaces are shown in
Figs. 5.1(c2) and 5.1(d2), respectively. The binding energies for Mn adsorption onto
these surfaces were found to be 1.27 eV and 0.85 eV, respectively. In addition to the Seand Zn-terminated ZnSe(001) surfaces, we also analyzed the combined dimer-vacancy
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structure, known as the Zn-(4×2) surface and shown in Fig. 5.1(e1). Similarly to the Se(2×1) surface, the most stable binding site on this surface also is the dimer site [Fig.
5.1(e2)] with Eb = 3.98 eV. The VED maps for the pristine surface and after dopant
adsorption onto the surface are plotted in Figs. 5.1(e3) and 5.1(e4), respectively, and are
similar to those for the Se-(2×1) surface.
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Figure 5.2: Surface energy, γsurf, of ZnSe(001) as a function of µ Se − µ Se,bulk for
various surface reconstructions of (a) the pristine surface of an undoped ZnSe
crystal and (b) the surface with Mn dopant atoms adsorbed onto the sites shown in
Figs. 5.1(a) – 5.1(e).

In Fig. 5.2, we compare the surface energies of all the five ZnSe(001) surface
reconstructions described in Fig. 5.1 both for the pristine surfaces and after dopant
adsorption onto the surfaces as a function of the Se chemical potential. The surface
energy computations, according to Eqs. (2.17) and (2.18), require determination of the
stoichiometry of each surface: we find ∆N = 2, 0, -2, 0, 2 for the structures in Figs. 5.1(a),
5.1(b), 5.1(c), 5.1(d), and 5.1(e), respectively. ∆N is given for the surface cell area shown
in dashed lines in Fig. 5.1. We find that Zn-c(2×2) is the most stable surface structure at
intermediate values of µSe, while in the anion-rich regime (µSe = µSe,bulk), Se-(2×1) is the
most stable reconstruction of the ZnSe(001) surface [γsurf = 21.6 meV/Å2].

This is

consistent with the fact that only these two types of structures have been observed
experimentally [Ohtake, et al., 2001]. In Fig. 5.2(b), the surface energies are plotted for
these surface structures after Mn dopant adsorption; we find that the Se-(2×1) surface
[γsurf = 20.1 meV/Å2] also is the most stable ZnSe(001) surface structure in the anion-rich
regime. Therefore, in the anion-rich regime, the anion-rich Se-(2×1) surface, consisting
of Se dimers, is the most stable surface reconstruction of the ZnSe(001) surface facet
both in the absence of dopants and after Mn dopant adsorption and it is characterized by a
high dopant binding energy.
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5.4.2 (110) Surface
Unlike the unreconstructed ZnSe(001) surface, the bulk-terminated ZnSe(110)
surface [Fig. 5.3(a)] is non-polar and consists of equal numbers of Zn and Se atoms on
the surface. The surface is neutral, it satisfies the electron counting criterion, and it is
semiconducting. In our computations, the H-terminated ZnSe(110) supercell consisted of
a nine-layer-thick slab containing a total of 18 Zn and 18 Se atoms and a vacuum layer of
thickness ~18 Å between the two adjacent slabs in the direction perpendicular to the
surface. The lateral dimensions of the supercell (bounded by the dashed lines in Fig. 5.3)
were a = 5.73 Å and √2a = 8.10 Å.
The atomic configuration obtained upon DFT structural optimization of the bulkterminated ZnSe(110) surface shows the inward relaxation of the Zn atoms and the
outward relaxation of the Se atoms. This is seen clearly in the side view of the bulkterminated ZnSe(110) surface, Fig. 5.3(a1). All the dangling bonds of the surface Zn
atoms become completely empty, forming a nearly planar structure that favors a sp2
hybridization. On the contrary, the dangling bonds of the surface Se atoms become
completely filled, forming a tetrahedral structure with sp3 hybridization. The most stable
binding site with binding energy Eb = 1.84 eV for Mn dopant atom adsorption onto this
surface [Fig. 5.3(a2)] is the one in which Mn is bonded to one of the surface Se atoms and
two sub-surface Se atoms. The VED map in Fig. 5.3(a3) shows the two non-bonded subsurface Se atoms, while the VED map in Fig. 5.3(a4) for the configuration with the
adsorbed Mn dopant atoms shows the two Mn-Se bonds that have formed, one with each
sub-surface Se atom.
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Figure 5.3: Selected optimized atomic configurations showing various surface
reconstructions on the ZnSe(110) surface: (a) bulk-terminated, (b) Se-dimer, (c) Seterminated, and (d) Zn-terminated. Both the pristine surface and the surface with
Mn dopant atoms adsorbed onto it are shown. Gold, silver, and white spheres
denote Se, Zn, and Mn atoms, respectively. The numbers shown give the indicated
interatomic distances (bond lengths) in Å. The surface unit cell is shown in dashed
lines; the unit cell’s length and width are a and √2a, respectively. Each panel depicts
(1) the top and the side view of the optimized atomic configuration of the pristine
surface; (2) the top and the side view of the optimized surface configuration after
dopant adsorption; (3) the valence electron density (VED) distribution on the
pristine surface, and (4) the VED distribution on the surface in the vicinity of the
dopant after dopant adsorption. In (3), the VED map is shown on the plane defined
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by the two surface (or sub-surface) Se atoms and a third point given by the
geometrical location of the dopant atom. In (4), the VED map is shown on the plane
defined by the Se, Mn, and Se, or Zn, Mn, and Zn surface atoms labeled in each
panel. In each VED map, the iso-VED contour lines also are plotted.

In addition to the bulk-terminated ZnSe(110) surface, we have analyzed the Sedimer [Fig. 5.3(b)], Se-terminated [Fig. 5.3(c)], and Zn-terminated [Fig. 5.3(d)] surfaces.
The Se-dimer surface can be constructed by adding a layer of Se dimers on the bulkterminated surface.

This surface also satisfies the electron counting rule and it is

semiconducting. Through our DFT calculations, we found that the Se-Se dimer bond
length is equal to 2.26 Å and is shorter than that on the ZnSe(001)-Se(2×1) surface. This
is highlighted in the VED map of Fig. 5.3(b3). The most stable site for Mn adsorption
onto this surface is formed by the Mn atom bonded to each of the two atoms of the Se
dimer and a sub-surface Se atom, as shown in Fig. 5.3(b2). Unlike the adsorption of Mn
on the dimer site of ZnSe(001)-(2×1) surface, the Mn dopant adsorption on this surface
does not involve any bond-breaking events. The side view of this configuration [Fig.
3(b2)] shows the monolayer coverage of the surface by the dopant (Mn) – anion (Se)
complex. The high bonding strength of the Mn dopant atom with this surface is shown in
the VED map of Fig. 5.3(b4); the corresponding binding energy is Eb = 5.17 eV.
The Se-terminated ZnSe(110) surface [Fig. 5.3(c1)] is formed when all the surface
Zn atoms are replaced by Se atoms in the bulk-terminated ZnSe(110) surface. The side
view of the equilibrium configuration in Fig. 5.3(c1) shows an outward relaxation of the
original surface Se atoms, while the Se atoms that substituted the original Zn atoms relax
inwards. However, in this case, a nearly planar geometry is not formed. The most stable
binding site involves formation of bonds between the Mn atom and the two surface Se
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atoms and a sub-surface Se atom. The VED maps in Fig. 5.3(c3) and 5.3(c4) show the
charge distributions on the pristine surface and on the surface after dopant adsorption.
The binding energy for Mn adsorption onto this surface is 4.89 eV and it is higher than
those for adsorption onto the bulk-terminated surfaces due to the formation of strong MnSe (anion) bonds. The cationic equivalent of the Se-terminated ZnSe(110) surface is
formed when all the surface Se atoms in the bulk-terminated ZnSe(110) surface are
substituted by Zn atoms as shown in Fig. 5.3(d1). Structural relaxation upon placing a
Mn atom on various high-symmetry sites on this surface brings the dopant atom to the
site at the center of two sub-surface Se atoms. The VED maps in Figs. 5.3(d3) and
5.3(d4) compare the electron density distributions on the pristine surface and on the
surface after dopant adsorption. The binding energy for Mn atom adsorption onto this
surface is 2.83 eV.
Figure 5.4(a) shows a plot of the surface energies of all the four surface structures
analyzed on the ZnSe(110) surface as a function of Se chemical potential.

The

stoichiometries used for the four surface reconstructions on the ZnSe(110) surface were
∆N = 0, 2, 4, -4 per (1×1) supercell size area for the surface structures of Figs. 5.3(a),
5.3(b), 5.3(c), and 5.3(d), respectively. We find that the bulk-terminated surface [γsurf =
21.5 meV/Å2] is the most stable in the pristine surface state throughout the range of µSe.
This also is consistent with the experimental observations that the ZnSe(110) surface is
predominantly bulk-terminated [Duke, et al., 1977]. However, the Se-dimer surface [γsurf
= 13.6 meV/Å2] is the most stable surface reconstruction after dopant adsorption in the
anion-rich regime [µSe = µSe,bulk], as shown in Fig. 5.4(b). This leads to an interesting
proposal, namely, that, in general, the experimental observation that the doping
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efficiencies increase in the anion-rich regime can be interpreted based on the formation
upon dopant adsorption of these surfaces that have a low surface energy and a high
dopant binding energy.
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Figure 5.4: Surface energy, γsurf, of ZnSe(110) as a function of µ Se − µ Se,bulk for
various surface reconstructions of (a) the pristine surface of an undoped ZnSe
crystal and (b) the surface with Mn dopant atoms adsorbed onto the sites shown in
Figs. 5.3(a) – 5.3(d).
5.4.3 (111) Surface
Unlike the (001) and (110) surfaces of ZnSe crystals, the bulk-terminated
ZnSe(111)-Zn surface does not have equivalent terminations on the top and the base of a
slab model. It is a polar surface and it does not satisfy the electron counting rule. In the
zinc-blende lattice of the bulk structure, each Zn and Se atom contributes 0.5 and 1.5
electrons, respectively, to a Zn-Se bond. On the bulk-terminated ZnSe(111)-Zn surface
[Fig. 5(a1)], each Zn atom forms 3 bonds with Se atoms, leaving a net surface charge of
0.5 electrons per (1×1) surface cell and 0.5 × 4 = 2 electrons per (2×2) surface cell.
Therefore, the bulk-terminated ZnSe(111)-Zn surface is metallic. For the ZnSe(111)(2×2) surface cell (shown with dashed lines in Fig. 5), the length of each cell side is √2a
= 8.10 Å. On this surface, the most stable binding site for Mn dopant adsorption is the
center of the hexagon formed by three surface Zn atoms as shown in Fig. 5(a3). The
VED map in Fig. 5(a3) shows the non-bonded surface Zn atoms, while the VED map in
Fig. 5(a4) shows the Zn-Mn-Zn bonds [with a bond length of 2.59 Å] that are formed
upon dopant adsorption. The binding energy for Mn adsorption onto this surface is 3.09
eV.
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Figure 5.5: Selected optimized atomic configurations showing various surface
reconstructions on the ZnSe(111)-(2×2) surface: (a) Zn-terminated, (b) Zn-vacancy,
(c) Se-adatom, (d) Se-terminated, (e) Se-dimer, and (f) Se-trimer. Both the pristine
surface and the surface with Mn dopant atoms adsorbed onto it are shown. Gold,
silver, and white spheres denote Se, Zn, and Mn atoms, respectively. The numbers
shown give the indicated interatomic distances (bond lengths) in Å. The surface unit
cell is shown in dashed lines; the length of each side of the unit cell is 2a. Each panel
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depicts (1) the optimized atomic configuration of the pristine surface; (2) the
optimized surface configuration after dopant adsorption; (3) the valence electron
density (VED) distribution on the pristine surface, and (4) the VED distribution on
the surface in the vicinity of the dopant after dopant adsorption. In (3), the VED
map is shown on the plane defined by the two surface Se or Zn atoms and a third
point given by the geometrical location of the dopant atom. In (4), the VED map is
shown on the plane defined by the Se, Mn, and Se, or Zn, Mn, and Zn surface atoms
labeled in each panel. In each VED map, the iso-VED contour lines also are plotted.

Neutral (∆N = 0) semiconducting surfaces can be formed on the (2×2) surface cell
by either creating a surface Zn vacancy [Fig. 5.5(b1)], or a Se adatom [Fig. 5.5(c1)]. The
Zn-vacancy surface, involving a Zn vacancy per (2×2) surface cell [Fig. 5.5(b1)], and the
Se-adatom surface [Fig. 5.5(c1)] satisfy the electron counting rule, leaving no net charge
or dangling bonds on the surface. On the Zn-vacancy surface, all the dangling bonds of
the Zn surface atoms become completely empty and, as a result, the Zn surface atoms
relax into the plane of the Se atoms.

On the contrary, the dangling bonds of the

surrounding surface Se atoms are completely filled. The Zn-vacancy site [Fig. 5.5(b2)] is
the most stable site for Mn dopant adsorption onto this surface and has a binding energy
Eb = 1.17 eV. The VED map in Fig. 5.5(b3) depicts the Se surface atoms on the pristine
surface in the vicinity of the Zn-vacancy site, while the VED map in Fig. 5.5(b4) shows
the formation of strong Se-Mn bonds that have a bond length of 2.39 Å. In Fig. 5.5(c),
we show the DFT optimized atomic configuration of the Se-adatom surface and the
corresponding VED maps. The addition of a Se atom leads to an electrically neutral
surface [Fig. 5.5(c1)] that is semiconducting. The Mn atom adsorbed onto the surface in
the vicinity of the Se adatom has a binding energy Eb = 1.68 eV and the corresponding
optimized configuration is shown in Fig. 5.5(c2). The VED maps in Figs. 5.5(c3) and
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5.5(c4) highlight the charge density distributions on the pristine surface and in the
vicinity of the Mn dopant atom after its adsorption onto the surface, respectively.
In addition, we analyzed three anion-rich surface structures of the ZnSe(111)
surface: the Se-terminated [Fig. 5.5(d1)], Se-dimer [Fig. 5.5(e1)], and Se-trimer [Fig.
5.5(f1)] surfaces. The Se-terminated surface is formed when all of the surface Zn atoms
on the bulk-terminated ZnSe(111)-Zn surface are bonded with Se atoms. The (2×2)
surface cell has four Se surface atoms; each of these Se atoms has a dangling bond filled
with 1.5 electrons. Therefore, the surface is metallic and polar and it does not satisfy the
electron counting rule. Three of the four Se surface atoms are passivated upon Mn
dopant adsorption, each forming a Se-Mn bond with a bond length of 2.27 Å, as shown in
Fig. 5.5(d2). The corresponding VED maps in Figs. 5.5(d3) and 5.5(d4) show the charge
distributions around the three Se surface atoms on the pristine surface and after dopant
adsorption, respectively. The Se-dimer surface shown in Fig. 5.5(e1) is formed when two
of the Zn surface atoms in the bulk-terminated ZnSe(111)-Zn surface are terminated by
(i.e., bonded with) Se atoms. Upon structural relaxation, these Se surface atoms form a
Se dimer. The Se-Se dimer bond on this surface has a bond length of 2.43 Å. Mn
adsorption onto the Se-dimer surface occurs by breaking of the Se-Se dimer bond and
forming a weak Mn-Zn bond. The VED map in Fig. 5.5(e3) depicts the strong surface
Se-Se dimer bond, while the VED map of Fig. 5.5(e4) shows the Se-Mn-Se bonds.
If three of the four surface Zn atoms on the bulk-terminated ZnSe(111)-Zn surface
are terminated by (i.e., bonded with) Se atoms, the Se-trimer surface, Fig. 5.5(f1), is
formed. Upon structural relaxation, two of the Se surface atoms form a Se-Se dimer
bond that minimizes the surface Se dangling bonds. Structurally, this surface does not
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form a Se trimer but, instead, it forms a combined Se dimer with a Se surface atom. The
adsorption of Mn onto this surface [Fig. 5.5(f2)] breaks the Se-Se dimer bond and
passivates the third surface Se atom. The corresponding VED maps shown in Figs.
5.5(f3) and 5.5(f4) highlight the bonding strengths on the pristine surface and in the
vicinity of the Mn dopant atom after its adsorption onto the surface, respectively. The
binding energies for Mn adsorption onto the surfaces shown in Figs. 5.5(d), 5.5(e), and
5.5(f) are 7.15 eV, 5.92 eV, and 5.78 eV, respectively. The high binding energies, as
compared to those for any other surface reconstruction, are due to the formation of strong
Mn-Se bonds on the surface with bond lengths of 2.27-2.31 Å. The high Mn-Se bonding
strength also is highlighted in each of the corresponding VED maps.
Figures 5.6(a) and 5.6(b) compare the computed surface energies as a function of
the Se chemical potential for all the surface reconstructions of the ZnSe(111) surface in
its pristine state and after Mn dopant adsorption, respectively. The stoichiometries used
for the six surface reconstructions of the ZnSe(111) surface are ∆N = -1, 0, 0, 3, 1, and 2
for the surface structures of Figs. 5.5(a), 5.5(b), 5.5(c), 5.5(d), 5.5(e), and 5.5(f),
respectively, per (2×2) cell size area; the corresponding surface cells are shown with
dashed lines in Fig. 5.5. Among the pristine surface structures, the Zn-vacancy surface
[γsurf = 23.5 meV/Å2] is the most stable one for the entire range of the Se chemical
potential. However, upon dopant adsorption, in the anion-rich regime, the Se-trimer
surface becomes the most stable; for the Se-trimer surface, γsurf = 9.5 meV/Å2 at µSe
= µSe,bulk. The low surface energy is due to the formation upon Mn dopant adsorption of a
neutral, semiconducting surface that satisfies the electron counting rule. For the Znvacancy surface that is the most stable one in the pristine state, the adsorption of a Mn
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atom onto the vacancy site leads to the formation of a metallic surface; thus, the surface
energy increases compared to those of the other reconstructed surfaces.
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Figure 5.6: Surface energy, γsurf, of ZnSe(111) as a function of µ Se − µ Se,bulk for
various surface reconstructions of (a) the pristine surface of an undoped ZnSe
crystal and (b) the surface with Mn dopant atoms adsorbed onto the sites shown in
Figs. 5.5(a) – 5.5(f).
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Furthermore, it should be pointed out that for the Se-adatom surface, the size of
the (2×2) surface cell is small for the study of the combined Mn dopant and Se adatom in
the same supercell. However, since the surface energy of the Se-adatom surface is higher
than that of the Zn-vacancy surface, it allows for an appropriate comparison. In Fig. 5.6,
the surface energy comparison reveals that Mn dopant adsorption onto the ZnSe(111)
surface leads to surface reconstruction of the ZnSe(111) facet of the nanocrystal.
Similarly with the (001) and (110) surfaces, upon dopant adsorption, the surface energies
of the anion-rich surfaces decrease even further. The binding energies for Mn dopant
adsorption onto these surfaces also are very high.

_ _ _

5.4.4 ( 1 1 1 ) Surface
_ _ _

The polar ZnSe( 1 1 1 ) surface is different from the ZnSe(111) surface because of
_ _ _

its different termination. The ZnSe( 1 1 1 ) surface is Se-terminated and the difference in
the electronic properties of Zn and Se atoms leads to different surface reconstructions
with respect to those of the ZnSe(111) surface. The equilibrium atomic configurations of
_ _ _

the six relevant surface reconstructions examined for the ZnSe( 1 1 1 ) surface are
_ _ _

summarized in Fig. 5.7. On the bulk-terminated ZnSe( 1 1 1 )-Se surface [Fig. 5.7(a1)],
each Se atom forms 3 bonds with Zn atoms leaving a net surface charge of 1.5 electrons
per (1×1) surface cell and 1.5 × 4 = 6 electrons per (2×2) surface cell. Therefore, the
surface is metallic and it does not satisfy the electron counting rule. The most stable
binding site for Mn adsorption onto this surface is the geometrical center of the three
surface Se atoms. This Mn-adatom configuration, shown in Fig. 5.7(a2) has a high
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Figure 5.7: Selected optimized atomic configurations showing various surface
_ _ _

reconstructions on the ZnSe( 1 1 1 )-(2×2) surface: (a) Se-terminated, (b) Se-vacancy,
(c) Zn-adatom, (d) Zn-dimer, (e) Se-dimer, and (f) Se-trimer. Both the pristine
surface and the surface with Mn dopant atoms adsorbed onto it are shown. Gold,
silver, and white spheres denote Se, Zn, and Mn atoms, respectively. The numbers
shown give the indicated interatomic distances (bond lengths) in Å. The surface unit
cell is shown in dashed lines; the length of each side of the unit cell is 2a. Each panel
depicts (1) the optimized atomic configuration of the pristine surface before; (2) the
optimized surface configuration after dopant adsorption; (3) the valence electron
density (VED) distribution on the pristine surface, and (4) the VED distribution on
the surface in the vicinity of the dopant after dopant adsorption. In (3), the VED
map is shown on the plane defined by the two surface Se or Zn atoms and a third
point given by the geometrical location of the dopant atom. In (4), the VED map is
shown on the plane defined by the Se, Mn, and Se, or Zn, Mn, and Zn surface atoms
labeled in each panel. In each VED map, the iso-VED contour lines also are plotted.

binding energy, Eb = 5.19 eV, due to the formation of strong Mn-Se bonds. The high MnSe bonding strength is highlighted in the VED map in Fig. 5.7(a4), while the VED map of
Fig. 5.7(a3) shows the two non-bonded Se surface atoms in the pristine surface prior to
dopant adsorption.
_ _ _

The bulk-terminated ZnSe( 1 1 1 )-Se surface becomes electrically neutral and
semiconducting by either removal of a Se surface atom or by addition of a Zn adatom per
(2×2) surface cell. The resulting Se-vacancy and Zn-adatom surfaces are shown in Figs.
5.7(b1) and 5.7(c1), respectively. On the Se-vacancy surface, the most stable site for Mn
adsorption is the H-site [Fig. 5.7(b2)]; the corresponding binding energy is Eb = 2.46 eV.
The VED maps in Figs. 5.7(b3) and 5.7(b4) compare the electron density distributions on
the pristine surface and in the vicinity of the dopant atoms on the surface after Mn
adsorption.

Like the Se-vacancy surface, the Zn-adatom surface [Fig. 5.7(c1)] also

satisfies the electron counting rule. Figure 5.7(c2) shows the equilibrium configuration of
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the Zn-adatom surface with a Mn dopant atom adsorbed onto the surface within the same
(2×2) surface cell. The VED map in Fig. 5.7(c3) shows the charge density distribution on
the pristine surface, depicting the two surface Se atoms. The adsorbed dopant atom forms
strong Mn-Se bonds as highlighted in Fig. 5.7(c4) with a binding energy Eb = 3.22 eV.
In addition, we analyzed three other relevant surface reconstructions: the Zndimer [Fig. 5.7(d1)], Se-dimer [Fig. 5.7(e1)], and Se-trimer [Fig. 5.7(f1)] surfaces. The
Zn-dimer surface is constructed in a manner analogous to that of the Se-dimer surface on
the ZnSe(111) surface. Adsorption of a Mn atom onto this surface proceeds by breaking
of the Zn-Zn dimer bond and forming a third Mn-Se bond as shown in Fig. 5.7(d2). The
VED map of Fig. 5.7(d3) depicts the electron density distribution around the Zn-Zn dimer
atoms, while the VED map of Fig. 5.7(d4) highlights the Zn-Mn-Zn bonds with a bond
length of 2.50 Å formed after the breaking of the original Zn-Zn dimer bond. For Mn
adsorption onto this surface, Eb = 2.58 eV. The DFT-optimized atomic configurations of
the two anion-rich surfaces, Se-dimer and Se-trimer, are shown in Figs. 5.7(e1) and
5.7(f1), respectively. The most stable binding sites for Mn dopant adsorption on these
surfaces are shown in Figs. 5.7(e2) and 5.7(f2), respectively. Mn adsorption proceeds in
a manner that leads to the formation of bonds between the Mn atom and the sub-surface
Se atoms, as well as with the Se atoms of the Se-Se dimers. The binding energies for
adsorption of Mn atoms onto these surfaces were found to be 4.79 eV and 5.80 eV,
respectively. The corresponding VED maps in Figs. 5.7(e3) and 5.7(f3) depict the strong
Se-Se dimer bonds, while the VED maps in Figs. 5.7(e4) and 5.7(f4) highlight the
bonding environment on the surface in the vicinity of the dopant atom following its
adsorption onto the surface.
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Figure 5.8: Surface energy, γsurf, of ZnSe( 1 1 1 ) as a function of µ Se − µ Se,bulk for
various surface reconstructions of (a) the pristine surface of an undoped ZnSe
crystal and (b) the surface with Mn dopant atoms adsorbed onto the sites shown in
Figs. 5.7(a) – 5.7(f).

In Figs. 5.8(a) and 5.8(b), we plot as a function of the Se chemical potential the
_ _ _

surface energies for all the surface reconstructions of the pristine ZnSe( 1 1 1) surface and

of the surface after Mn dopant adsorption. The stoichiometries used for the six surface

129

_ _ _

reconstructions of the ZnSe( 1 1 1) surface shown in Figs. 5.7 were ∆N = 1, 0, 0, -1, 3, and

4 for the surface configurations of Figs. 5.7(a), 5.7(b), 5.7(c), 5.7(d), 5.7(e), and 5.7(f),
respectively, per (2×2) surface cell. For most of the µSe range, the Se-vacancy surface is
the most stable [γsurf = 211.6 meV/Å2], while in the anion-rich regime, i.e., µSe = µSe,bulk,
_ _ _

the Se-dimer surface is the most stable ZnSe( 1 1 1) surface. After dopant adsorption, the
bulk-terminated surface has the lowest surface energy for most of the µSe range; however,
at µSe = µSe,bulk, the Se-dimer [γsurf = 189.9 meV/Å2], Se-trimer [γsurf = 193.3 meV/Å2], and
bulk-terminated [γsurf = 194.7 meV/Å2] surfaces have surface energies within ~5 meV/Å2
_ _ _

of each other. The surface energies of all the surface reconstructions of the ZnSe( 1 1 1)
surface are substantially (up to one order of magnitude) higher than the surface energies
of the ZnSe(001), ZnSe(110), and ZnSe(111) surfaces. Therefore, we conclude that the
_ _ _

ZnSe( 1 1 1) surface should not play an important role in dopant adsorption onto the ZnSe
nanocrystal facets. Furthermore, in the equilibrium crystal shape of the nanocrystals, we
_ _ _

expect the surface area contribution of the ZnSe( 1 1 1) to be minimal. In general and
consistent with other surfaces, the anion-rich surfaces are found to have low surface
energies for µSe = µSe,bulk. We will see in Sec. 5.4.6 that these surfaces also have high
binding energies for dopant adsorption.

5.4.5 Dopant-induced Surface Structural Transitions
Figures 5.9(a) and 5.9(b) compare surface energies for various surface
_ _ _

reconstructions in each of the ZnSe(001), (110), (111), and ( 1 1 1) surfaces in their
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pristine state and after Mn dopant adsorption. The surface energy values used for this
comparison are given at µSe = µSe,bulk, which is related directly to the concentration of the
anionic precursor used in experiments. For the (001) surface, we find that the ZnSe(001)(2×1) surface structure [Fig. 5.1(a)] yields the most stable nanocrystal surface facets both
in the absence of dopant and after Mn dopant adsorption; the surface stability criterion
used in this analysis is thermodynamic, based on the surface energy value, γsurf, of each
surface reconstruction examined: lower γsurf values correspond to more stable surface
structures. For the (110) surface, the surface energy of the bulk truncated ZnSe(110)
surface structure is the lowest in the absence of Mn dopant adsorption, while the Sedimer surface (which satisfies the electron counting rule and is chemically stable) is the
most stable surface structure after Mn dopant adsorption. For the (111) surface, the Znvacancy surface structure has the lowest surface energy in the absence of dopant
adsorption, while the Se-trimer surface (which also satisfies the electron counting rule
and is semiconducting) is the most stable surface structure after Mn dopant adsorption.
Such dopant-induced surface structural transitions in semiconductor nanocrystals
resemble remarkably the adsorbate-induced surface reconstructions that have been
observed in catalysts and were demonstrated in early scanning-tunneling microscopy
(STM) studies of surface structures [Schardt, et al., 1989].
In addition, we find that there exists a critical dopant surface coverage that is
required to induce such surface structural transitions. For example, Fig. 5.9(c) compares
the surface energies for the two lowest-γsurf surface structures of the ZnSe(001) surface as
a function of the Mn dopant surface concentration, x. For the entire range of x, we find
that the ZnSe(001)-(2×1) surface structure is more stable than that of the ZnSe(001)-
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(4×2) surface. However, for the ZnSe(110) surface [Fig. 5.9(d)], there is a critical dopant
surface concentration, x ~ 0.35, that marks the onset of surface structural transition.
Specifically, for x > 0.35, the Se-dimer surface is the most stable surface structure in the
anion-rich regime, while for x < 0.35, the bulk-terminated surface is the most stable one.
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Figure 5.9: Comparison of surface energy values, γsurf, for various surface
reconstructions of different ZnSe surfaces in the anion-rich regime, µ Se = µ Se ,bulk , for
(a) the pristine surface of an undoped ZnSe crystal and (b) the surface with Mn
dopant atoms adsorbed onto the sites shown in Figs. 5.1, 5.3, 5.5, and 5.7.
Comparison of γsurf values in the anion-rich regime as a function of Mn surface
concentration, x, for the two lowest-γsurf (c) ZnSe(001), (d) ZnSe(110), and (e)
ZnSe(111) surfaces.
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A similar surface structural transition is observed for the ZnSe(111) surface. In
Fig. 5.9(e), the surface energies of the ZnSe(111)-Zn-vacancy and the ZnSe(111)-Setrimer surfaces are plotted as a function of Mn dopant surface concentration, x. The Znvacancy surface, which is the most stable surface structure in the absence of dopant
adsorption, also is the most stable ZnSe(111) surface below a critical Mn dopant surface
concentration, x ~ 0.28. For x > 0.28, however, the Se-trimer structure has the lowest
surface energy. Finally, it should be mentioned that we do not plot the corresponding x
_ _ _

dependence of the surface energies, γsurf (x), for the ZnSe( 1 1 1) surface, due to the high
surface energies for this surface orientation as compared to the other low-Miller-index
surfaces.

5.4.6 Binding Energies for Dopant Adsorption onto ZnSe Nanocrystal Surface
Facets
Figure 5.10(a) compares the binding energies for Mn dopant adsorption onto ZnSe
surfaces for all the surface reconstructions analyzed in each of the low-Miller-index ZnSe
surfaces, as described in Secs. 5.4.1-5.4.4. These values were computed for a Mn dopant
surface concentration of x = 1 and at µ Se = µ Se,bulk , using the surface cells shown with the
dashed lines in Figs. 5.1, 5.3, 5.5, and 5.7. We find that the Mn binding energies for
adsorption onto the most stable binding sites of anion-rich ZnSe surfaces [such as
ZnSe(110) and ZnSe(111)] are of comparable values with those of the ZnSe(001)-(2×1)
surface. Therefore, we conclude that all the anion-rich surfaces with low surface energies
contribute toward dopant adsorption onto the ZnSe nanocrystal surface facets, resulting in
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an increase in the doping efficiencies with increasing concentration of anionic precursor
added in the synthesis process.
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Figure 5.10: Comparison of binding energies, Eb, for various surface reconstructions
of different low-Miller-index ZnSe surfaces computed at a Mn dopant surface
concentration x = 1 and µ Se = µ Se,bulk . (b) Binding energy as a function of Mn dopant
surface concentration, x, for the two lowest-γsurf ZnSe(001), ZnSe(110), and
ZnSe(111) surfaces. The straight lines represent linear least-squares fits to the
calculated Eb(x) values given by the solid and open symbols.

Furthermore, we calculated the dependence on the dopant surface concentration
of the binding energies, Eb, for dopant adsorption onto the surfaces of interest, i.e., onto
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the most stable surface reconstructions on the ZnSe(001), (110), and (111) surfaces. The
Eb(x) dependence was computed using the following methodology.

5.4.6.1 Dopant Binding Energy Dependence on Dopant Surface Concentration
The dependence of the dopant binding energy, Eb, on the dopant surface
concentration for dopant adsorption onto a certain surface site was computed by varying
the number of adsorbed dopants onto the surface in a slab supercell with a sufficiently
large surface area. As an example, for the ZnSe(001)-Se(2×1) surface, the most stable
binding site for adsorption of a Mn atom onto the surface is the dimer site [Fig. 5.1(a)].
Doubling one of the dimensions of the Se-(2×1) surface cell shown in Fig. 1(a) to yield a
Se-(4×2) surface cell, increases the total surface area and the equivalent number of dimer
sites by a factor of 4. The dopant surface concentration is then expressed in terms of x;
Cd = x/A, where Cd is the surface number density of dopant atoms and A is the surface
area of the supercell used [A = 4a2 for the (001) surfaces, A = 4√2a2 for the (110)
_ _ _

surfaces, and A = 4√3a2 for the (111) and ( 1 1 1) surfaces]. Therefore, for the (001)
surface with a Se-(4×2) surface cell, out of the 4 available surface dimer sites, there can
be 1 (x = 0.25), 2 (x = 0.5), 3 (x = 0.75), and 4 (x = 1) Mn atoms adsorbed onto the
surface at these strongest binding sites in the supercell.
Figure 5.10(b) shows Eb as a function of the dopant surface concentration in terms
of x; Cd = x/A, where Cd is the surface number density of dopant atoms and A is the
surface area of the supercell used [A = 4a2 for the (001) surface, A = 4√2a2 for the (110)
surface, and A = 4√3a2 for the (111) surface]. It is evident from Fig. 5.10(b) that Eb
increases with increasing x for all the surface reconstructions examined. The qualitative
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trend that has been found for Eb(x) is consistent with that on the ZnSe(001)-(2×1) surface
[Singh, et al., 2008], as well as that in the TM-doping of wurtzite structure ZnO

nanocrystals [Singh, et al., 2010], and is independent of the surface structure of the
nanocrystal facets. This “low Eb at low x” provides an explanation for the doping
difficulties that have been reported at low dopant concentrations [Suyver, et al., 2001;
Norris, et al., 2001]. Our Eb(x) predictions also imply that the doping efficiency of
semiconductor nanocrystals is affected significantly by the chemical potentials of the
growth precursor species used in the nanocrystal synthesis process, which determine the
surface structure and morphology of the nanocrystals.

5.4.7 Equilibrium Crystal Shape of ZnSe Nanocrystals
The equilibrium crystal shape (ECS) of a nanocrystal is defined as the
morphology that minimizes the total free energy of the crystal for given volume. In our
study, the ECS of ZnSe [Figs. 5.11(a)-(c)] is obtained according to the Wulff construction
[Wortis, 1988; Moll, et al., 1996; Pehlke, et al., 1997; ] through minimization of the total
surface free energy of the nanocrystal,

∑γ

i

Ai , where γi is the surface free energy per

i

unit area of the i-th surface facet (for which the term “surface energy” is used throughout
the article) and Ai is the corresponding surface facet area. For the calculation, the various
surface energies, γi, are determined based on our DFT calculations for all the surface
reconstructions and the ECS is constructed at µSe = µSe,bulk. In the anion-rich regime,
these surface energies, γi, have been plotted in Figs. 5.9(a) and 5.9(b) both for the pristine
surfaces and the surfaces with Mn dopant atoms adsorbed onto them. Knowledge of the
stable surface structures is required in order to determine the ECS of the nanocrystal.
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The surface energies of these stable surface structures have been plotted in Figs. 5.9(c)(e). We have constructed the ECS of the undoped ZnSe nanocrystals [Fig. 5.11(a)] and
of those with Mn dopant atoms adsorbed onto their surface facets [Fig. 5.11(b)-(c)]
taking into account only their low-Miller-index surface facets and their surface energies
as a function of the anionic (Se) chemical potential, µSe. In a state of thermodynamic
equilibrium, it is possible that other facets also may be present in the ECS of a
nanocrystal; however, experiments have shown that only low-Miller-index surfaces are
energetically favorable [Moll, et al., 1996; Pehlke, et al., 1997]. Using the above
procedure, our DFT-based surface energy calculations predict an ECS of ZnSe
nanocrystals that consists of only three low-Miller-index surfaces [(001), (110), and
(111)].
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Figure 5.11: Equilibrium crystal shapes (ECSs) of ZnSe nanocrystals according to
the Wulff construction at Mn dopant surface concentrations of (a) x = 0, (b) x = 0.5,
and (c) x = 1. The Wulff plots were constructed using DFT-computed surface
energies for each of the low-Miller-index surface facets at an anion-rich
environment, µ Se = µ Se,bulk . In each ECS, the three most stable surface orientations
are marked as <001>, <110>, and <111>. The numbers shown give the indicated
edge dimensions in Å. Gold and silver spheres denote Se and Zn atoms, respectively.
For visual simplicity, in the shown ECSs, the surface structures are depicted as
bulk-terminated without reflecting the proper surface reconstructions.
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Figure 5.11(a) shows the ECS of the undoped nanocrystal with a diameter d ~ 5
nm. For undoped nanocrystals, x = 0, the ECS consists of (001), (110), (111) surfaces
that cover 30.7%, 61.8%, and 7.5% of the nanocrystal surface area, respectively. For the
determination of this ECS, we used the surface energies of the Se-(2×1) surface structure
for the (001) surface, the bulk-terminated one for the (110) surface, and the Zn-vacancy
one for the (111) surface. The ECS of the nanocrystal changes with increasing
significantly the dopant surface concentration under the constraint of fixed nanocrystal
mass, i.e., for a constant total number of atoms in the nanocrystal. This change is evident
by comparing the ECS of Fig. 5.11(a) to the ECS of the nanocrystal at an intermediate
dopant concentration, x = 0.5, shown in Fig. 5.11(b). At x = 0.5, the area of the (001)
surface increases to 58.4% of the total nanocrystal surface area, while those of the (110)
and (111) surfaces change to 28.1% and 13.5% of the total nanocrystal area, respectively.
At x = 0.5, the surface reconstructions for the (001), (110), and (111) surfaces that we
used to determine the ECS are the Se-(2×1), Se-dimer, and Se-trimer structures,
respectively. Therefore, at intermediate dopant surface concentrations, ZnSe(001)-(2×1)
is the dominant dopable surface facet of the ZnSe nanocrystal. Finally, for the case of
even higher dopant surface concentration, x = 1, the ECS of the same-size nanocrystal is
depicted in Fig. 5.11(c). Under these conditions, anion-rich ZnSe(110)-Se-dimer and
ZnSe(111)-Se-trimer surfaces have low surface energies as compared to the ZnSe(001)(2×1) surface and, therefore, they comprise 62.6% and 27.0% of the total nanocrystal
surface area. Consequently, at high dopant surface concentration, the (110) and (111)
surfaces become the dominant dopable facets of the ZnSe nanocrystals. These surfaces
are anion-rich and have high binding energies for Mn dopant adsorption. In general,
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during the growth of nanocrystals with morphologies given by their ECS, the surface
areas of the nanocrystal facets are strong functions of the chemical potentials of the
anionic/cationic precursors in the growth solution and of the dopant surface
concentrations.

5.4.8 Dopant Segregation Energy Profiles for ZnSe Nanocrystal Surface Facets
The surface kinetic growth model proposed above explains the adsorption of
dopants onto nanocrystal facets, but it does not explain the significant dopant surface
segregation that has been observed in ZnSe colloidal nanocrystals [Norris, et al., 2001;
Lad, et al., 2007]. The segregation of Mn dopant atoms was found to increase with
increasing dopant surface concentration [Lad, et al., 2007]. In addition,

surface

segregation of dopants also was observed in the doping of wurtzite-structure nanocrystals
[Radovanovic, et al., 2002; Schwartz, et al., 2003; Norberg, et al., 2004]. For example,
Norberg et al. [Norberg, et al., 2004] reported that colloidal synthesis of Mn-doped ZnO
quantum dots (QDs) results in the presence of surface bound dopants (amounting up to
45% of the dopant atoms brought to the crystal).

Treatment of these synthesized QDs

with an organic solvent removes the surface segregated dopants and leads to the
formation of stable dispersed doped QDs. Furthermore, during the synthesis of Mndoped CdSe [Mikulec, et al., 2000], most of the Mn was found to be present on the
surface and the doped nanocrystals lost their paramagnetic states after treatment with
pyridine. In general, the surface segregation of dopants presents further challenges for
doping II-VI nanocrystals.
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Figure 5.12: Segregation energy profiles, Eseg(l), for Mn dopant segregation on (a)
ZnSe(001), (b) ZnSe(110), and (c) ZnSe(111) surfaces. Dark gray and gray (blue and
red online) lines are used to differentiate between segregation energy profiles at low
and high dopant concentrations, respectively. The depth is given in terms of the
number, l, of each atomic layer parallel to the surface plane, with l = 1
corresponding to the surface layer and l increasing from the surface toward the
interior of the crystal. For each surface orientation, the segregation energy profile is
plotted both for the surface reconstruction that is the most stable for the pristine
surface and for the most stable one after dopant adsorption at high dopant surface
concentrations.

To explain these experimental observations and investigate the role of
thermodynamics in the nanocrystal doping process, we computed the tendencies for
segregation of Mn dopant atoms on ZnSe surface facets from the corresponding dopant
segregation energy profiles, Eseg(l), that were calculated as detailed in Sec. 2.3.4. Figures
5.12(a)-(c) show these equilibrium surface segregation tendencies of Mn dopants at low
[blue lines] and high [red lines] concentrations on the (001), (110), and (111) surfaces,
respectively, in terms of the corresponding segregation energy profiles; Eseg(l)/l provides
a metric for the thermodynamic driving force for surface segregation of the dopant atoms.
For each of the surfaces, we computed the segregation energy profiles for the most stable
ZnSe surface reconstruction at given dopant surface concentration. Figure 5.12(a) shows
the segregation energy profile for Mn dopants on the ZnSe(001)-Se(2×1) surface at low
(x = 0.25) and intermediate (x = 0.5) dopant surface concentrations. For this surface, we
find that a thermodynamic driving force is exerted on the Mn dopants that tends to keep
them in the inner layers of the crystal away from the surface. This implies that at low to
intermediate dopant surface concentrations, the ZnSe(001)-Se(2×1) surface that occupies
a significant nanocrystal surface area plays a dominant role in the incorporation of
dopants in the nanocrystal. This surface provides not only the ability for dopant
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chemisorption due to the corresponding high dopant binding energy but also the tendency
for the dopant to stay in the inner crystal layers, instead of segregating to the surface,
which contributes toward higher doping efficiencies.
For the ZnSe(110)-bulk-terminated surface, our calculations indicate that the
subsurface site at l = 2 is the most stable for Zn substitution as shown in Fig. 5.12(b).
This is because on the bulk-terminated ZnSe(110) surface the Zn surface atoms undergo
an inward relaxation that makes the substitution of Mn atoms with Zn surface atoms less
favorable energetically than that with sub-surface Zn atoms. On the Zn-vacancy
ZnSe(111) surface, the segregation energy profiles reveal that Mn dopant atoms have a
tendency to either segregate on the surface [minimum energy for l = 1 in Fig. 5.12(c)] or
to stay in the inner layers [l = 4 in Fig. 5.12(c)]. However, the thermodynamic driving
force either for surface segregation or for inward movement for the dopant atom on the
Zn-vacancy surface is small compared to that for the ZnSe(111)-Se-trimer surface. For
the ZnSe(110)-Se-dimer and for the ZnSe(111)-Se-trimer surface structures, a significant
increase in energy is evident when the dopant atom is moved from the surface [l = 1 in
Figs. 5.12(b) and 5.12(c)] to the inner layers of the slab [l = 2 – 7 in Fig. 5.12(b) and l =
2 – 4 in Fig. 5.12(c)]. In all the cases examined, the driving force for surface segregation
increases with increasing dopant concentration, consistently with experimental findings
[Lad, et al., 2007]. The thermodynamic driving forces that such surface segregation
tendencies generate are responsible for dopant transport from the core to the surface of
the nanocrystal, which facilitates its self-purification. Consequently, under certain
conditions that favor the dominant presence of such <110> and <111> surface facets in
the ECS, the dopants’ strong tendency for segregation on these surfaces inhibits their
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efficient incorporation into the core/bulk region of nanocrystals at equilibrium and
weakens the thermodynamic stability of the doped ZnSe nanocrystals.

5.4.9 Mn Dopant Adsorption and Diffusion on ZnSe-Se(2×1) Surface
The purpose of this Section is to obtain a fundamental and quantitative
understanding of dopant adsorption and diffusion on the ZnSe-Se(2×1) nanocrystal
surface that can help elucidate the mechanisms of dopant incorporation into growing
nanocrystals. We study the incorporation of Mn dopant atoms into ZnSe nanocrystals
through ZnSe-Se(2×1) surface facets. In Section 5.4.7, we showed that the ZnSe(001)
facet is the dominant nanocrystal surface at intermediate dopant surface concentration for
Mn incorporation. Subsequently, we focus on the analysis of several dopant diffusion
pathways on the ZnSe(001)-(2×1) surface. Based on the computed binding energies for
Mn adsorption onto various sites of the ZnSe(001) facets and the diffusion pathways of
Mn dopants on this surface, we propose a dopant incorporation mechanism into the
nanocrystal and provide an explanation for the difficulty of doping during nanocrystal
growth, consistently with experimental observations.

5.4.9.1 Dopant Adsorption on ZnSe-Se(2×1) Surface
For the anion rich ZnSe(001)-(2×1) surface, we find multiple sites for Mn
adsorption. The two sites with the highest binding energy are the “dimer site”, where Mn
adsorbs onto the Se-Se dimer by inserting into and breaking the Se-Se dimer bond, and
the “trough site”, where Mn adsorbs in the trough between the Se dimer rows. The
binding energy for Mn adsorption onto these sites, Eb, increases with increasing dopant
surface concentration as shown in Fig. 5.13.
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Figure 5.13: Binding energy, Eb, as a function of Mn dopant concentration, x, on the
ZnSe(001)-(2×
×1) surface. Blue solid circles and red solid diamonds are used to
denote adsorption onto the dimer site and in the trough between adjacent Se dimer
rows, respectively. The straight lines are least-squares fits to the calculated Eb(x)
values given by the solid symbols.

There is a competition between these two surface sites for adsorption of Mn
atoms depending upon the dopant surface concentration. Figure 5.13 shows Eb as a
function of x; Cd = x/(2a2), where Cd is the surface number density of Mn atoms and a is
the equilibrium lattice parameter of bulk ZnSe. For x = 1, Eb for adsorption onto the
trough site is higher than that for adsorption onto the dimer site by 0.36 eV. For x = 0.5,
Eb for adsorption onto the trough site is lower than that for adsorption onto the dimer site
and becomes even lower at a lower dopant concentration, x = 0.25, as shown in Fig. 5.13.
This monotonically increasing Eb(x) dependence implies that for the nanocrystal sizes of
interest (d > 1 nm and d ~ 5 nm), the surface concentration due to one Mn atom
approaching the ZnSe facet will be fairly low (x < 1 or even x << 1) resulting in a low
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binding energy for Mn adsorption onto the nanocrystal surface. This “low Eb at low x”
provides an explanation for doping difficulties during nanocrystal growth, consistent with
the explanations in Sec 5.4.6.

5.4.9.2 Transtion-Metal Dopant Diffusion on Surfaces of ZnSe Nanocrystals
In addition, we analyze three surface diffusion pathways for Mn dopant atoms on
ZnSe(001)-(2×1): Mn migration (1) along the Se dimer rows, (2) across the Se dimer
rows from the dimer site into the trough site, and (3) in the trough along the dimer rows.
The optimized configurations along the diffusion paths, as well as the VED distributions
for the first two of these three pathways are shown in Fig. 5.14. The first of these
pathways is the fastest.

On this pathway, the Mn atom migrates from one dimer

adsorption site, as depicted in Fig. 5.14(a), to the next one [Fig. 5.14(c1)] along the Se
dimer rows. At the saddle-point configuration [Fig. 5.14(b1)], the Mn atom is located
above the center of a 4-Se-atom square leading to a symmetric configuration as shown in
the VED plot of Fig. 5.14(b1). No dangling bonds are formed along this path, either on
any Se atom or on the diffusing Mn atom. This pathway is characterized by a low
activation barrier for Mn migration that also depends on the dopant surface concentration,
Ea(x). The energetic progress for Mn diffusion along the Se dimer rows for x = 0.5 and 1
is plotted in Fig. 5.15(a), data sets (2) and (1), respectively. Ea(x = 0.5) = 0.17 eV, which
is significantly lower than Ea(x = 1) = 0.43 eV.

145

(a)
Mn
Zn

Se1

2.35

2.35

Se1

Se2

Se2
Mn

Se

1

2
Se3

Se3
2.44

(b1)

(b2)
SADDLE POINT

Se1

Se2

2.73

Se1
Se1

Se2

2.53

2.54

3.04

Mn

SADDLE POINT
Se2
2.37

Se1

Se2

Mn

2.37
3.04

Se3

Se3

Se3
Se3

(c1)

(c2)

Se1

2.44

Se2

Se1

Se2
Mn

2.35

Se1

2.44

Se2

Se1

Se2
Mn

Se3

2.35

2.41
Se3

Se3

Se3

Mn

Figure 5.14: Surface diffusion pathways for Mn dopant atoms on the ZnSe(001)(2×
×1) surface. Selected optimized atomic configurations are shown along the
migration path for (a,b1,c1) diffusion along the Se dimer rows (indicated by arrow
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We conclude that Mn diffusion along the Se dimers of ZnSe(001)-(2×1) is fast
and becomes increasingly faster as the dopant concentration decreases.

This faster

dopant diffusion rate at lower dopant surface concentrations, in conjunction with the
lower dopant binding energies at lower surface concentrations, does not facilitate easy
dopant incorporation into the nanocrystal. Such easy incorporation would be guaranteed
in the presence of a surface site that constitutes a deep potential well for the Mn atom and
generates, therefore, a very high activation barrier for dopant migration out of this site.
In the second diffusion pathway, Figs. 5.14(a), 5.14(b2), and 5.14(c2), the Mn
atom is adsorbed on the dimer site in the initial configuration, Fig. 5.14(a), and migrates
into the adsorption site in the trough between dimers, Fig. 5.14(c2). The energetic
progress for Mn migration along this path for x = 0.5 and 1 is plotted in Fig. 5.15(b), data
sets (2) and (1), respectively. For this Mn migration path across the Se dimer rows, the
activation barrier for migration, Ea(x), is high due to the formation of two Se dangling
bonds at the saddle-point configuration [Fig. 5.14(b2)]. Ea(x = 0.5) = 1.86 eV and Ea(x =
1) = 1.88 eV, i.e., the high migration barrier also is practically independent of the dopant
surface concentration. Nevertheless, because of the differences in Eb(x), this migration
step is endothermic by 0.46 eV at x = 0.5 and exothermic by 0.36 eV at x = 1. Therefore,
the activation barriers for migration out of the trough site are 1.40 eV and 2.24 eV for x =
0.5 and 1, respectively. This implies that migration to a trough site leads to practically
instantaneous dopant incorporation, i.e., once the dopant reaches the trough site it
remains trapped there, especially at higher dopant surface concentrations.
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Figure 5.15: Total energy, E, as a function of the migration coordinate, ξ, along
three surface diffusion pathways for various Mn surface concentrations. Mn
migration (a) along the Se dimer rows, (b) across the Se dimer rows, and (c) in the
trough along the Se dimer rows. The red and blue open symbols denote Mn
concentrations on the ZnSe(001)-(2×
×1) surface equal to x = 0.5 and 1, respectively.

However, while in the trough, the Mn dopant atom may be able to migrate fast
along the dimer rows. Therefore, we analyzed the third diffusion pathway, in the trough
along the dimer rows. The corresponding energetic progress is plotted in Fig. 5.15, data
sets (2) and (1) for x = 0.5 and 1, respectively. The calculated activation barriers for this
migration path are Ea(x = 0.5) = 1.60 eV and Ea(x = 1) = 1.33 eV. We conclude that Mn
migration within the trough along the Se dimer rows is a high-barrier, i.e., slow, process.
Consequently, if a diffusing Mn atom can migrate into the trough site of the (001) facet in
the growing ZnSe nanocrystal, this can lead to dopant incorporation in the sense of
practically instant trapping.
In Sec. 5.4.9, we used first-principles DFT to carry out an analysis of Mn
adsorption and diffusion on the ZnSe(001)-Se(2×1) surface.

The mechanism and

energetics of dopant adsorption and diffusion revealed by this approach on ZnSe
nanocrystal surfaces with well-defined surface facets can be used to elucidate the dopant
incorporation mechanisms into growing nanocrystals.

Our analysis provides an

explanation for the difficulty of doping during nanocrystal growth, consistent with
experimental findings, and proposes a dopant incorporation mechanism into the
nanocrystal.
Specifically, the following picture emerges from our analysis in Sec 5.4.9. As the
nanocrystal grows with well-defined facets and the Se concentration is raised, the surface
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area of (001) facets increases, thus leading to an increased number of stable adsorption
sites for dopant incorporation. Increasing the dopant surface concentration promotes the
stability of the available adsorption sites due to stronger binding of the dopant to these
sites; at high dopant surface concentrations, a particularly stable adsorption site exists in
the trough between dimer rows, which guarantees dopant incorporation if Mn either
adsorbs onto this site or diffuses to this site on the surface. Moreover, the presence of
adsorbed Mn atoms in stable binding sites and the resulting increase in the dopant surface
concentration slows down the diffusion rates along the fastest migration path and
promotes doping efficiency further (in the sense of increasing the trapping probability of
dopants at dimer sites).

5.5 Summary and Conclusions
In summary, following a systematic analysis based on first-principles density
functional theory calculations, we have obtained a fundamental understanding of the
underlying mechanism of Mn (and, in general, transition-metal) doping of ZnSe
nanocrystals. We have shown that both surface kinetics (dopant adsorption onto the
nanocrystal surface) and thermodynamics (dopant surface segregation and surface
diffusion) affect significantly doping efficiencies in ZnSe nanocrystals. Our analysis
proposes a comprehensive kinetic-growth mechanism of dopant incorporation into
semiconductor quantum dots.
We have demonstrated that the chemical potentials of the growth precursor
species play an important role in determining the doping efficiency of ZnSe nanocrystals;
these chemical potentials determine the surface structure and morphology of the
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nanocrystals. The analysis clarifies that all anion-rich surfaces contribute to dopant
adsorption onto ZnSe nanocrystal surface facets. In addition, we have found that beyond
a critical surface coverage, the adsorbed dopant atoms may induce surface reconstructions
of the nanocrystal facets that lead to different stable surface structures depending upon
the anion concentrations in the growth solution and the dopant surface coverage. The
computation of the equilibrium crystal shape of the nanocrystal shows that ZnSe(001)(2×1) is the dominant dopable surface at intermediate dopant surface concentrations.
Moreover, we found that over the Mn surface concentration range that makes ZnSe(001)(2×1) the dominant dopable surface, Mn dopants do not have a tendency to segregate on
this surface; this guarantees that the dopants remain incorporated into the core regions of
the nanocrystal instead of “escaping” to the surface. Finally, our analysis can be extended
to other II-VI compound semiconductors with zinc-blende structure (e.g., CdSe, CdS,
ZnS, etc.), the materials that have been doped successfully in nanocrystal form.
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CHAPTER 6
6. SUMMARY, CONCLUSIONS, AND FUTURE DIRECTIONS

6.1 Summary and Conclusions
In summary, a comprehensive theoretical analysis toward a fundamental kinetic
and thermodynamic understanding of doping in ZnO, CdSe, and ZnSe quantum dots
based on first-principles density-functional theory (DFT) calculations has been presented.
The chemical nature, the composition, and the lattice structure of various nanocrystalline
systems make the analysis of each system different from the others. The doping
mechanisms in these nanocrystals were classified into two categories, namely, doping at
the “growth” stage and doping at the “cluster” stage. Wurtzite-structure ZnO nanocrystals
favor the “growth” doping mechanism, i.e., dopant adsorption onto the surface facets
occurs when these nanocrystals grow to a certain diameter d ~5nm. Specifically, we
showed that the dopant atoms have high binding energies for adsorption onto the Zn_

vacancy site of the (0001) basal surface and the O-vacancy site of the (000 1) basal
surface of ZnO nanocrystals. Therefore, these surface vacancies provide viable sites for
substitutional doping, which is consistent with experimental measurements. However, the
doping efficiencies are affected by the strong tendencies of the TM dopants to segregate
at the nanocrystal surface facets, as indicated by the corresponding computed dopant
surface segregation energy profiles.
We concluded that doping in CdSe nanocrystals occurs through the “cluster”
doping. Using first-principles DFT calculations, we showed that in doped CdSe
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nanocrystals, dopants are trapped at the nucleation stage of CdSe clusters. We studied the
effect of nanocrystal size on doping efficiency. We demonstrated that Mn adsorption onto
small clusters of CdSe is characterized by high binding energies, which, in conjunction
with the Mn surface segregation characteristics on CdSe nanocrystals, explains
experimental reports of high doping efficiency for small-size CdSe clusters.
Finally, we presented a systematic analysis of TM doping in ZnSe nanocrystals.
Our analysis was focused on the adsorption and surface segregation of Mn dopants on
ZnSe nanocrystal surface facets, as well as dopant-induced nanocrystal morphological
transitions, and led to a fundamental understanding of the underlying mechanisms of
dopant incorporation into growing nanocrystals. Both surface kinetics (dopant adsorption
onto the nanocrystal surface facets) and thermodynamics (dopant surface segregation)
were found to have a significant effect on the doping efficiencies in ZnSe nanocrystals.
The analysis also elucidated the important role played by the chemical potentials, µ, in
determining the doping efficiency of ZnSe nanocrystals. The µ of the growth precursor
species also determine the surface structure and morphology of the nanocrystals.
The elucidation of doping mechanisms in these nanocrystalline materials can help
in the design and optimization of synthesis procedures of doped nanomaterials. This is
crucial for the synthesis of such materials with uniform and reproducible properties.
Moreover, the theoretical predictions of this thesis are consistent with experimental
measurements and provide fundamental interpretations for the experimental observations.
Finally, we also implemented a multi-scale modeling approach based on DFT,
MD, and KMC simulations to resolve outstanding issues in semiconductor materials
nanoscience. We elucidated the H-induced structural transitions of MWCNTs to diamond
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nanocrystals. This work may result in new routes to synthesize diamond nanocrystals. In
addition, we have established the growth mechanism in a-Si:H thin films that has
resolved decade-old issues in the field of a:Si-H thin film growth. These results are
presented in Appendices I-VII.

6.2 Future Directions
Throughout this thesis, we assumed that organic surfactants do not participate
directly during the doping process. It was assumed that any competing reactions of
surfactant-cation/anion/dopant are of the same order and do no participate in the growth
process except in the passivation of surface dangling bonds (DBs). These DBs remain on
the surfaces of nanocrystals once the growth of nanocrystals is complete. However, it has
been reported [Du, et al., 2008] that the surfactants play an important role in the
incorporation of dopant into the nanocrystals. As an immediate future direction, we
propose to analyze the role of competing surfactant-dopant, dopant-nanocrystal surface,
and surfactant-nanocrystal surface interactions during dopant incorporation and the
resulting doped nanocrystal properties. Another future direction to this thesis concerns
with Chapter 4. We mentioned that the polynuclear metal precursor can lead to the
formation of doped heterocrystalline core-shell structures such as CdSe/CdS. This was
accomplished in experiments [Archer, et al., 2007b] through a single synthesis procedure.
Therefore, we propose the investigation of the role of thermodynamics in the formation
of such hybrid nanostructures. In another class of ternary nanocrystals (ZnSe1-xSx), a
core-shell structure consists of a narrower band-gap material (ZnSe) surrounded by or
coated with a wider band-gap material (ZnS). Doping ternary nanocrystals presents an
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interesting and challenging task. Both surface kinetics and thermodynamics play an
important role in the doping process. Toward this end, we propose an investigation of the
effects of surfactants, surface morphology, nanocrystal shape, and composition of ternary
nanocrystals.
Furthermore, in Chapter 4, we assumed that the migration of dopants in the CdSe
wurtzite is a low-barrier process. The computation of accurate diffusion barriers
involving several pathways will enlighten the process of substitutional incorporation of
dopants. Following these future directions, the investigation of the combined role played
by nanocrystal composition, chemical identity of the dopant, nanocrystal size, shape, and
surfactants will significantly enhance our understanding of the doping of nanocrystals.
The proposed computational superstructure will enable a rational design of experiments
based on atomic-scale understanding that can yield synthetic nanostructures (e.g., doped
compound semiconductor nanocrystals, or doped ternary nanocrystals) with desirable
properties.
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